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ABSTRACT 
The pilot scale anode production was done in order to verify the effects of production 
conditions on pore and structural development as well as some of the physico 
mechanical properties. The single source petrol coke and industrial paste were used for 
laboratory pilot scale anode production. Approximately 130 pilot scale anodes were 
produced during the work and more than 500 segments were analysed using 
computerized image analysis in order to determine the total porosity. 
 
In Chapter 4.1 the porosity of the single source petrol coke was determined.   The coke 
was sieved into 6 different coke fractions and pore size distribution curves were 
obtained. There was observed a general increase of the porosity with increasing 
coarseness. The largest increase in porosity was found for fractions above 2.0 mm 
which was due to presence of the gas bubble pores and that were created as gas 
entrapment in green coke prior the calcination. 
 
The effect of the heating rate on porosity development was studied in Chapter 4.2. 
Pilot scale anodes with identical granulometry (18 % pitch content) were produced from 
single source petrol coke using a sigma mixer. Correlation between the heating rate and 
the porosity development was found. A general increase of the total porosity with 
increasing heating rate was observed. All eight samples showed a similar pore 
distribution with maxima in porosity around 100 µm of pore radius. This may indicate 
the evolution of porosity due to volatiles escape. In addition a marked decrease of the 
baked density with increasing heating rate was observed, probably due to increased 
mass reduction with increasing volatiles evolution. Extra consumption of pitch due to 
coke crushing during mixing caused the formation of more voids in the anode paste.  
 
In Chapter 4.3 the effect of vacuum vibration and vibration time on porosity 
development was studied. A set of 20 pilot scale anodes with uniform composition were 
produced from industrial paste (blended coke) using different vibration times. Part of 
the formed blocks was vibrated under vacuum. During baking four heating rates were 
used in order to study the influence on porosity development. An increase in baked 
density was observed when vacuum vibroforming is used. During vacuum vibration the 
entrapped gas and light binder volatiles are released from the paste which enables the 
elimination of void formation. This mechanism is the most probable reason for 
improved aggregate packing and paste densification. Also a close correlation between 
the baked density and the specific electrical resistivity was found. The specific electrical 
resistivity decreases as the baked density of pilot scale anodes increases. Increase of the 
aggregate packing improved the coke grain bridging and influences the electrical 
contacts between particles.  
 
The specific electrical resistivity seemed to be more dependent on heating rate than 
vibration time.  As the heating rate during baking increased the specific electrical 
resistivity of the samples increased. When high heating rates were used, as in the case of 
80 °C/h, the excessive volatiles evolution caused an increase of internal pressure in 
dense anodes. In extreme cases this may lead to crack formation that negatively affects 
specific electrical resistivity. Therefore slow heating rates for dense samples should be 
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applied to minimize the potential for an anode defects. Lower resistivity values were 
measured for the samples that were formed under a vacuum compared to those vibrated 
at atmospheric pressure.  
 
For the total porosity, there was found a marked effect of the vacuum vibration that 
caused the porosity reduction for pores above 40 µm of pore radius regardless the 
heating rate. However, with increasing heating rate the benefit of the vacuum 
vibroforming on porosity development was reduced due to increased amount of the 
volatile (baking) pores. 
 
Chapter 4.4 describes the effect of the three production variables; mixing time, 
vibration time and vibration energy on total porosity and various anode properties. A set 
of 21 pilot scale anodes were produced from industrial paste (blended coke) using the 
vacuum vibration (4 kPa) and the Eirich laboratory mixer (RV 08 W).  
 
With increasing the mixing and vibration time higher densities were achieved. Most 
marked improvement was achieved for 1 minute mixing where further increase of 
vibration time resulted in improved densification. The highest green and baked densities 
were observed for anodes that were vibrated for 2 minutes with high energy input.  
 
Reduction of total porosity values was observed with increasing of mixing time 
regardless of vibration time. With increasing mixing time the pitch spreads more 
uniformly above coke particles creating an even thin film which allows denser 
aggregate packing. Increase of vibration time caused the largest decrease of the total 
porosity values for short mixing times (1 and 3 minute mixed batches). Reduction of the 
total porosity value in the case of 6 minute mixing was not so evident which indicated 
that properly mixed paste (more continuous binder film) was less demanding on the 
vibroforming process duration. 
 
The mechanical properties (YM and CCS) were found to be closely related to the 
densities in the green and baked state and thus also influenced by the mixing and 
vibration conditions. Increase of the mixing time caused improvement of both 
mechanical properties. The same effect was observed for vibration time. The largest 
increase of the YM and CCS was observed for 1 minute mixed samples when increasing 
the vibration time from 0.5 to 1 minute. On the other hand the strength properties for 6 
minute batch seemed not to be influenced much with increasing vibration time.  
 
Porosity and permeability were closely correlated. Samples with high porosity had also 
high permeability. Increasing mixing time gave moderate decrease of permeability. The 
largest decrease of permeability with vibration time was observed for 1 minute mixed 
samples when increasing the vibration from 0.5 to 1 minute. The same effect was 
observed in measurements of physical properties for pilot scale anodes (Chapter 4.4.7).  
 
The low correlation between reactivity properties and total porosity was found. A 
possible reason may be that the total porosity determines the total amount of pores 
(open and closed pores together) in the sample while for the reactivity only the open 
pores and their connection are important. Another explanation could be that reactivity 
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against CO2 and air are more influenced by the presence of the catalytic elements as V, 
Ni, Na or S than manufacturing parameters.  
 
In Chapter 4.5 a set of 24 pilot scale anodes were produced in order to determine the 
optimal operational conditions for the intensive Eirich mixer (RV 02/E) prior its use in 
the laboratory. The pilot scale anodes were produced using a pitch content ranging from 
14 to 21 %, two mixing times (5 and 10 minutes) and three tip speeds (10, 12 and 14 
m/s). 
 
Optimum tip speed as well as mixing time was determined as those giving the highest 
values of the green density and the lowest open porosity values.  
 
The open porosity decreased with increasing pitch content. Increase of the mixing time 
from 5 to 10 minutes caused reduction of the porosity primarily for 14 % pitch samples. 
The lowest open porosity for 14 % pitch anodes was achieved when 12 m/s rotor tip 
speed was used. 
 
The green density increased with increasing pitch content. Samples with 19 % pitch and 
10 minutes mixing time had the highest green densities. Green density increased as the 
rotor tip speed increased from 10 to 12 m/s. Further increase to 14 m/s caused decrease 
in green density regardless of the mixing times for 14 % pitch samples. Based on this, 
12 m/s rotor tip speed was taken as the optimum for further pilot scale anode 
production. 
 
In Chapter 4.6 the effect of five variables (fines, pitch content, mixer type, mixing time 
and heating rate) on porosity and physico mechanical properties of pilot scale anodes 
was studied. Samples were produced from single source coke in half fractional, 5 - 
factorial experimental design. Half of the anodes were produced using an intensive 
mixer and other half with a sigma blade mixer. 
 
As a response to these variables, green and baked densities, specific electrical 
resistivity, mechanical properties and porosity were measured. The strength of the 
effects was statistically evaluated using the Minitab software. The mixer type, pitch 
content and mixer pitch interaction were statistically the most significant factors 
influencing porosity, green and baked density as well as the specific electrical 
resistivity.  
 
Intensive mixing was found more efficient and produced samples with higher green 
densities compared to sigma mixed samples. One of the benefits of intensive mixing is a 
better statistical distribution of grain sizes throughout the paste. Sigma mixing 
compared to high speed intensive mixing may have lower possibility of filling and 
impregnation of voids by capillary effects. In addition there was a significantly higher 
level of aggregate crushing.  
 
The total porosity was influenced most by the three main effects: mixer type (C), pitch 
content (E) and heating rate (A). In general sigma mixed samples resulted in more 
porous anodes compared to intensive mixing. The 14 % pitch content intensive mixed 
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samples had larger porosity reduction compared to the sigma mixer. The sigma mixed 
samples had larger amount of the pores within the range of 100-10000 µm which 
indicate presence of large intergranular voids that were created due to poor and 
degradable mixing. The 19 % pitch intensive mixed samples had a dominant presence 
of the 100 µm pores in radius. This indicated over pitching of the anodes where the 
major porosity contributor was development of baking pores. The increase of the 
heating rate caused increase in porosity regardless of mixing type.  
 
Mixer type, pitch content and heating rate had the strongest influence on permeability. 
Permeability for the sigma mixed samples passed through a minimum as the pitch 
content increases from 14 to 19 %. The medium pitch content (16.5 %) seemed to be 
optimal, where the coke crushing was compensated by the higher amount of pitch. 
Intensively mixed samples show increasing permeability as the pitch content increases 
from 14 % to 19 %. This increase of permeability was probably due to excessive 
development of volatile pores due to over-pitched anodes. This finding also correlated 
well with the total porosity values. There was a larger permeability increase when the 
heating rate 60 °C/h was used compared to slow baking at 10 °C/h. In the case of 10 
°C/h heating rate, baking is slow and enables gradual volatile degassing of the sample 
without excessive development of baking pores and larger cracks. At a fast heating rate 
and dense anodes high internal pressure is built within the sample due to binder 
volatilisation. This pressure is released by escaping gases creating a porous system that 
is “frozen” during the following pitch solidification.  
 
Mechanical properties (YM and CCS) were influenced by mixer type and pitch content. 
Mixer type affected proper aggregate distribution as well as pitch thickness film. As the 
pitch content increases, the amount of the binder coke increased which enables better 
bonding within coke aggregate and results in increased strength properties of produced 
anodes.  
 
The image analysis of the green anodes presented in Chapter 4.6 was carried out in 
order to characterise the differences due to composition and variations in manufacturing 
conditions. The pitch thickness film increased with increasing pitch content. A thinner 
pitch film is developed when the intensive mixing technique is used. This observation 
supports the theory that during intensive mixing there is a uniform spread of the pitch 
over the coke particles which results in a thinner and more continuous binder film. Slow 
sigma mixing results in a thicker binder film. With increasing fineness of the dust 
fraction the pitch thickness layers become thinner.  
 
The samples produced in Chapter 4.6 were pore classified. The central segments from 
the pilot scale anodes baked with 10 °C/h were picked. According to pore shape and 
size the pores were divided into three classes. Elongated and elliptic pores were 
attributed to the filler coke porosity. Irregular pores are found in the binder matrix and 
are created during anode production. These pores are associated with the mixing, 
forming or baking steps and are therefore specified as process pores.  
 
Increased process porosity was observed for 14 % pitch content and sigma mixing. 
Larger presence of process pores above 300 µm indicated void formation due to poor 
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mixing. In addition there was an increase of porosity due to increased mixing time from 
10 to 20 minutes which may refer to increased crushing with mixing time. The process 
porosity was far less for the intensively mixed samples. A slight porosity reduction was 
observed with increasing mixing time for intensively mixed samples. The samples with 
19 % pitch had fewer voids even though the mixing was poor. Thus the largest process 
porosity development was due to an increased amount of baking pores.  
 
The porosity in the coke filler represented by the elongated and elliptic pores had in 
general minor contribution to the total porosity compared to the process pores. This was 
expected as most of the coke pores are penetrated by the pitch during the mixing stage. 
However, some variations were observed that indicate improved particle penetration for 
intensive mixing. The intensive mixing caused an improved filling of the elongated and 
elliptic pores within the 10 - 60 µm range compared to the slow and more degradable 
sigma mixing. 
 
In Chapter 4.7 the effect of vacuum vibroforming on the porosity development was 
studied. Similar experimental design and same production routines were used as 
described in Chapter 4.6. The difference compared to the previous experimental design 
was that the anodes were produced with narrower pitch levels and heating rates using 
exclusively the intensive mixer. The green paste was formed on the vacuum vibration 
table under three mould pressure conditions, 4 kPa and 52 kPa with vacuum and 100 
kPa (no vacuum).  
 
Green and baked densities were affected by the pitch content, vibropressure and mixing 
time. Increase of both densities with increasing pitch content and mixing time was 
observed. Additional density increase was found when increasing the forming vacuum. 
Increase of the vacuum causes exhaust of the entrapped air as well as light binder 
volatiles.  
 
Specific electrical resistivity decreased with increasing pitch content and increasing 
mixing time. Increase of the vibration vacuum resulted in additional resistivity 
reduction.  
 
The total porosity was affected most by pitch content, vibropressure and mixing time. 
For samples with 14 % pitch content reduced porosity above 80 µm was observed when 
4 kPa vacuum vibroforming was applied. Additional porosity reduction was achieved 
by increasing the mixing time from 5 to 10 minutes. Samples with atmospheric 
vibration showed increased porosity within the interval 100 - 10 000 µm which is 
related to poor aggregate packing. Increasing the pitch content to 16 % reduces the 
intergranular voids compared to 14 % pitch. The effect of vacuum vibroforming was 
significant from pore radius 40 µm. Increase of the heating rate from 5 to 20 °C/h 
showed increase in total porosity probably due to the evolution of the baking pores. The 
samples vibrated at atmospheric pressure showed larger porosity above 50 µm of pore 
radius which indicated increased presence of the forming process pores.  
 
A good correlation was found between porosity and permeability. Samples with high 
permeability were those that had higher porosity and low pitch content (14 %). The 
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most significant interaction, pitch content by vibropressure, indicated a larger decrease 
of permeability for vacuum vibroformed 14 % pitch samples compared to those with 16 
% pitch. There was a larger reduction of permeability for vacuum formed samples that 
were mixed for 10 minutes compared to those mixed for 5 minutes.  
  
Cold compression strength and Young’s modulus improved for anodes with increasing 
pitch content and mixing time. The vacuum vibrated samples showed the highest 
strength of all anodes. Increase of pitch content, mixing time and vibropressure caused 
increase of the Young’s modulus. A correlation between porosity and mechanical 
properties was also found. With increasing porosity both mechanical properties 
deteriorates. The porosity that affects mechanical properties was probably due to 
increased amount of the process pores (forming, mixing and baking pores).  
 
1. Introduction 
 1
1 INTRODUCTION 
1.1 Aluminium production 
Aluminium is produced by the Hall-Héroult process. Liquid aluminium is produced by 
electrolytic reduction of alumina (Al2O3) dissolved in an electrolyte mainly containing 
cryolite (Na3AlF6) AlF3 and CaF2 at 960 °C. A schematic drawing of the main features 
of an alumina reduction cell is shown in Fig. 1.1-1.  
 
 
 
Fig. 1.1-1. Aluminium electrolysis cell with prebake anodes [1]. 
 
In the cell, oxygen from the alumina is discharged electrolytically at the anode as an 
intermediate product. However, the oxygen immediately reacts with the carbon anode 
and thus gradually consumes it by the formation of gaseous carbon dioxide (CO2). The 
bath and liquid aluminium are contained in a carbon lining inside a steel shell with 
refractory and insulation materials. The aluminium is formed at the bath metal interface, 
which acts as the cathode. Thus, the overall chemical reaction can be written: 
2 3 22 ( ) 3 ( ) 4 ( ) 3 ( )Al O diss C s Al l CO g+ ⎯⎯→ +   Eqn. 1 
 
A typical feature of the Hall-Héroult process is that the anodes are consumable. There 
are two basic anode designs, the prebaked anode and the Söderberg anode.  
 
Prebaked anodes are moulded into blocks and baked in separate anode baking furnaces. 
An aluminium rod with iron studs is then cast into stub holes in the top of the anode 
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block in order to conduct the electric current to the anode when it has been positioned in 
the cell. The prebaked anodes give lower carbon consumption per ton aluminium 
compared to Söderberg anodes. However, prebake anodes have to be changed at regular 
intervals (20-30 days) when they are consumed, which is a major disturbance in the 
operation of the cell. The remains from the anodes are called butts, and are cleaned 
outside the cell in a separate cleaning station for recycling of the carbon and adhered 
bath. The cleaned butts are then crushed and used as addition to the raw materials in the 
manufacturing of new anodes.  
 
In the Söderberg process anode paste is continuously supplied and baked, eliminating 
the costs of the anode forming, baking and butts treatment. The Söderberg anodes are 
manufactured from briquettes composed of petroleum coke and coal tar pitch. The pitch 
binder content is about 25 wt%, which is considerably higher than the amount used in 
prebaked anodes (13-15 %) to ensure sufficient flow of the carbon paste. Briquettes are 
placed on top of the Söderberg anode block, where they are softened by the heat 
generated from the cell. The paste passes downwards through a rectangular steel casing 
and is baked into a solid composite. One of the most problematic issues of Söderberg 
anodes is the environmental aspect. The high pitch content in the anode and the open 
top leads to release of potentially hazardous gaseous polycyclic aromatic hydrocarbons 
(PAH) during the process.  
 
The anodes along with alumina represent two major raw materials costs. The net anode 
consumption for a modern prebake cell is around 400 kg C/ton Al, and the gross 
consumption, which also includes the mass of the butts, may lay between 500 to 550 kg 
C/ton Al. The theoretical consumption of the Hall-Héroult process is 334 kg C/ton Al 
(Fig. 1.1-2).  
 
~ 0.400 kg C/kg Al
~ 0.500- 0.550  kg C/kg Al
 
Fig. 1.1-2. Anode consumption in an electrolysis cell with prebaked anodes [2]. 
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The main reasons for excess carbon consumption are: 
 
 Carboxy reaction, also called the Boudoard reaction:  
21/ 2 ( ) 1/ 2 ( ) ( )CO g C s CO g+ =     Eqn. 2  
 Dusting, which is the mechanical release of carbon particles from the anode into 
the bath 
 Airburn, air oxidation of the exposed parts of the anode:  
2 2( ) ( ) ( )C s O g CO g+ =       Eqn. 3 
 Back reaction, the metal being re-oxidized to its oxide: 
2 2 33 ( ) 2 ( ) 3 ( ) ( )CO g Al l CO g Al O s+ = +    Eqn. 4 
 
Increasing carbon and energy costs are strong incentives for reducing unnecessary 
carbon consumption, and the monitoring of the anode consumption is an important 
criterion for determining the overall cell efficiency. It represents an area in which 
significant cost reductions may be made. 
 
  4  
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1.2 Aim of the work 
Over last decades the situation in the crude oil market has changed significantly with 
effect on the petrol coke situation. Anode paste plants needs to deal with variation in 
coke quality which is not favourable for maintaining sustained anode quality. In 
addition there is a globally increasing demand for aluminium both through green field 
and brown field retrofit projects, and current increase. Accordingly, the demand for 
petrol coke already has outpaced the production of traditional, good quality petrol coke. 
Hence, lower quality cokes have to be used. Therefore there is an urgent need to 
optimize the anode production process so that lower quality cokes can be used without 
disturbing influence on the electrolysis process. 
 
In the past much effort has been put into studying anode properties and performance 
with respect to petrol coke trace elements, for example the influence of the catalytic 
metal content on reactivity [3-5]. It has been indicated that porosity in coke and anode 
may be an important factor that influences the reactivity and the mechanical properties 
of the anode [6, 7]. However, little work has been done to clarify the porosity and its 
development as a consequence of the variation in anode manufacturing steps. 
  
The aim of this work is to obtain fundamental knowledge of how the anode porosity is 
generated and how it influences important physical, mechanical and chemical 
properties. Laboratory pilot scale anode production was carried out in order to verify the 
importance of production steps during paste preparation. Two sources of paste were 
used; laboratory mixed paste from a single source petroleum coke and industrially 
mixed paste based on blended coke. The variations in mixing, vibroforming and baking 
conditions were studied with respect to porosity development in the anodes. From the 
literature survey, almost all authors report using a sigma blade mixer (or double Z-blade 
mixer) during pilot scale anode production. In this work two mixing techniques; sigma 
blade and high speed intensive mixing were used and their influence on the anode 
porosity and resulting anode properties were compared. In order to find the effect of 
vibration conditions on porosity, paste was shaped using different vibroforming times, 
energy inputs and vacuum conditions. During baking the effect of the heating rate and 
the soaking time was studied. 
   
The porosity characterization in previous works was performed by Hg porosimetry 
while in this work image analysis is used. This fully automatic method was found to be 
capable to characterize macroporosity (from 10 µm to several mm) to describe its 
influence on baked density, specific electrical resistivity and mechanical properties. 
Anode properties were characterized by using standard quality test methods and ISO 
standards.  
 
It is not anticipated that the results given in this thesis can be applied directly on an 
industrial scale; however it is believed that the work can serve as a guide for optimizing 
industrial anode production parameters. Part of the presented work has been published 
[8, 9]. 
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1.3 Anode raw materials 
Typical prebaked anodes for aluminium production consist of 65 % petroleum coke, 20 
% anode butts and 15 % coal tar pitch. The costs of these raw materials amounts to 
approximately 50 % of the total anode production costs [10]. The consistency and 
quality of carbon products highly influences the operational regularity of the aluminium 
production.  Anodes need to fulfil some important requirements: provide the means for 
electrical conductivity to the cell and to act as a reductant in the electrochemical process 
[11]. Other primary anode requirements are high chemical purity, high electrical 
conductivity, high mechanical strength and chemical homogeneity with low reactivity to 
CO2 and air [12]. These factors are strongly influenced by the raw material quality. The 
petroleum coke has an inhomogeneous structure, depending on the precursor and 
production process. It is formed as a by-product of the petroleum refining process, 
where conditions are optimised towards the petrochemical industry’s needs rather than 
the desired structural characteristics of the coke [11]. 
1.3.1 Petroleum coke 
Anode grade petroleum coke is produced by a semi-continuous process called delayed 
coking. In this process the heated residue from fractionated crude oil is alternatively fed 
to one of two coking drums (485-515 °C, 0.4 MPa) for 16 to 24 h. After 24 hours the 
green coke is cut out by high pressure water jets (decoking). By regular feed of reduced 
bottom crude, the amount of hydrocarbon volatiles in delayed green coke normally 
averages 8 to 14 % from the bottom to the top of the drum [12]. While variability of the 
green coke quality to some extent is related to its height in the coke drum, the size 
distribution depends on the decoking method. 
 
Delayed coking is applicable to a broad range of feedstocks, i.e., shale oil, bituminous 
oil sand, naturally occurring solid hydrocarbons as well as for reduced bottom crude of 
varying aromacity and catalytically cracked oils [12]. Other parameters affecting quality 
are operating conditions like temperature, pressure, time and decoking characteristics. 
 
1.3.1.1 Coke calcining 
The raw or green coke produced by the delayed coking process is not suitable as a filler 
coke in electrodes. It has an amorphous, very weak structure with relatively high 
volatiles content, poor electrical conductivity and high reactivity [11]. As a consequence 
the green coke is heated (1250-1350 °C) prior to its use as filler, the process known as 
calcining. The calcining process is necessary to achieve the following properties prior to 
anode formulation, forming and baking [12]: 
 
 Sufficient grain strength for handling and processing 
 Minimum grain shrinkage 
 Pore structure accessible to binder 
 Sufficient thermal conductivity for effective indirect heating in the anode 
manufacturing process  
1.3 Anode raw materials 
 8
Two major types of calciner units are presently used for cokes: the rotary kiln and the 
rotary hearth calciner. The rotary kiln is most widely used, due to its simple design and 
high throughput. In the rotary kiln the coke moves in a rotating slightly inclined 
refractory-lined steel tube (up to 90 m in length and 4.5 m in diameter). At the inlet the 
coke is heated by oil or gas. Additional heat is provided by burning of the volatile gases 
and carbon due to injection of air. This is sufficient to maintain the target temperature 
for 10 to 20 minutes. 
 
In the rotary hearth calciner the coke is moved by rotating scrapes towards a central 
outlet inside a vertically mounted cylindrical reactor. Supplementary fuel and air are 
supplied through the top of the reactor. During normal operation the retention time for 
the coke in the hearth is approximately 1 hour. The quality of the resulting calcined 
coke is controlled by the chemical composition of the feedstock as well as the 
operational parameters during coking and calcining [10]. 
 
 
Fig. 1.3-1. Coke production by delayed coking and rotary kiln or hearth calcining [12]. 
 
1.3.2 Pitch 
The binder used in production of prebaked anodes is usually coal tar pitch (although in 
some instances selected grades or mixtures of petroleum pitch and coal tar pitches are 
used) [5]. There are several functions of the binder pitch. During mixing the pitch coats 
the filler coke particles, penetrates the pores and voids between coke particles and thus 
plasticizes the originally dry aggregate, so it can be formed to bodies of required shape. 
During subsequent heat treatment, the pitch carbonizes and forms a coke that bridges 
the filler particles [11]. 
1.3 Anode raw materials 
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Pitch is an extremely complex mixture of numerous, essentially aromatic and 
heterocyclic compounds derived from pyrolysis of organic materials by tar distillation. 
Due to their high carbon content and polycyclic aromatic nature, pitches form isotropic 
or anisotropic cokes with relatively high yields upon thermal treatment [13].  
 
The raw material for the production of coal-tar pitch, i.e., crude coal-tar, is obtained as a 
by-product of metallurgical coke production [14]. Large-scale carbonisation of coal to 
produce blast-furnace coke is performed at temperatures between 1000 and 1200 °C and 
residence times of 14 to 20 hours. Besides coke as the main product (75 wt. % relative 
to feed coal) coke oven gas, water, benzene, ammonia and crude coal-tar are obtained. 
The tar yield amounts to approximately 3.5 wt % of the coal feed [14]. The hot gaseous 
products are quenched by flushing liquor. As the volatiles are cooled, about 75 % of the 
tar is condensed (called flushing liquor tar). The remaining tar is recovered by further 
cooling of the coke oven gas. The liquor and tar are then separated in the decanter. The 
decanted tar is then distilled in a refinery. The refining process includes denaturing of 
the crude tar, neutralization and vacuum rectification of the dewatered and neutralized 
tar. Coal-tar pitch is obtained as the distillation residue with 50-55 wt % yields, relative 
to the crude tar [14]. 
 
In the manufacturing of anodes, the balance between the aggregate coke and the binder 
coke properties in the final product is an exceedingly important key to product 
homogeneity [12]. Besides purity, strength and structure of the binder coke, several 
properties related to the anode manufacturing process itself have to be fulfilled by the 
binder pitch. The softness of pitches is usually classified into three groups by 
equiviscosity temperatures. Referring the temperature of softening to a viscosity of 950 
Pa s, the three groups are [12]:  
 
 Low melting pitch: 50-80 °C 
 Medium melting pitch: 80-100 °C 
 Hard pitch: > 100 °C 
 
The high softening point pitches are of interest in the aluminium industry to fabricate 
anodes as it has high coke yield. The coke yield of the pitch indicates the amount of 
carbon generated when the pitch carbonizes. A typical value for a hard pitch is a coke 
yield round 60 %. 
 
1.4 Industrial anode manufacturing 
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1.4 Industrial anode manufacturing 
The anode manufacturing steps are shown schematically in Fig. 1.4-1. In these steps the 
aggregate filler is mixed with binder pitch to compose a paste formulation which is 
moulded prior to baking. Beyond these generalities each discipline has its distinct 
features related to product applications, available raw materials and process selections 
[12]. Each production step gives its contribution to the total porosity of the produced 
anode block. The essentials of carbon anode production can be summarised in the 
following steps: 
 
 Paste production 
• Dry aggregate preparation by crushing, milling and sieving of anode butts 
and petroleum coke 
• Weighing of fractions 
• Mixing of the dry aggregate with pitch 
 Paste compaction 
 Anode baking 
 
The principal goal of all processing stages is to produce homogeneous anodes that will 
meet the requirements concerning the performance in the electrolysis cell. As already 
outlined earlier by many authors [12, 15, 16] these requirements are summarized as 
follows: 
 
 High resistance against attack of  CO2 and air 
 Low specific electrical resistivity (< 65 µΩm) 
 Moderately high thermal conductivity in order to decrease risk of air burn (< 6 
W/mK) 
 Mechanical properties 
• High crushing strength (> 35MPa) 
• High flexural strength (> 7MPa) 
• Adequate Young’s modulus (< 10 000 MPa) 
• Low coefficient of linear thermal expansion (< 5·10-6/K) 
 
1.4 Industrial anode manufacturing 
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Fig. 1.4-1. Flow sheet of the carbon manufacturing of the Hall-Héroult process [12]. 
1.4 Industrial anode manufacturing 
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1.4.1 Paste production 
1.4.1.1 Dry aggregate preparation 
The first step of the paste production involves the crushing and screening of the petrol 
coke and butts. The filler aggregate of carbon products usually consists of a blend of 3 
to 6 different particle size fractions in specific proportions according to the recipe. In a 
recipe, the particle size ranges from sub-micron diameters to about 20 mm. In order to 
achieve maximum packing density, fractions are portioned and weighted according to a 
defined recipe. In practice, deviations occur due to limitations in the crushing, grinding, 
sizing and weighing operations [11]. The applied aggregate sizing is also influenced by 
numerous factors, i.e., coke porosity and strength, surface texture, manufacturing 
process limitations as well as the availability and price of the raw materials [12].  
 
After weighing the coke fractions the dry aggregate is preheated and mixed with liquid 
pitch at a defined temperature. This process is important as it defines the paste mixing 
temperature at the inlet of the mixer. The preheater usually consists of 1 to 4 screws 
inside a shallow tube designed to maximize the heat transfer area. Thus a maximum 
aggregate temperature of 150 to 190 °C is easily reached within the 4 to 8 minutes of 
the aggregate residence time [12]. 
 
1.4.1.2 Mixing 
Mixing is a key step in order to obtain a good anode product. During mixing the pitch 
must coat the particles uniformly creating a continuous film and penetrate accessible 
porosity [17]. Mixing of the aggregate and binder is performed at elevated temperatures 
(50 to 90 °C above the binder softening point) [12]. The amount of pitch used in 
preparing the prebake anode is between 14 to 18 % [18]. It varies with the composition 
of the aggregate fractions, the porosity and structure of the petroleum coke, and the 
chemical composition of the pitch. The amount of pitch is adjusted to give maximum 
density during the subsequent carbonization stage. Two different types of mixers are 
used: 
 
A) Continuous mixer 
The usual types of mixers consist of single or twin rotators inside a heated tube. Delta 
shaped blades fixed at certain angles along the rotor force the paste forward along a 
spiral path, where similar blades in the tube side maintain a counter pressure. By 
varying the speed of the rotator and chocking the outlet gate, the specific mixing energy 
is adjusted. The mixing capacity is altered by the feeding rate to the mixer. Current 
continuous mixing ko-kneader lines have rated capacities up to 30-45 t/h with mixing 
times from 4 to 6 minutes [12]. 
 
B) Batch mixer 
The conventional concept of batch mixers includes a series of 2 to 4 tonnes charge 
sigma blade mixers for combining preheating/mixing. Present trends indicate preference 
on separate preheating systems combined with high speed mixers operated continuously 
1.4 Industrial anode manufacturing 
 13
[19, 20]. For high speed mixers of modern design the specified mixing times are 2 to 10 
minutes compared to 30 to 60 minutes in conventional batch mixers [12]. 
 
1.4.2 Paste compaction 
Forming of the green paste into anode blocks can be carried out by either pressure 
moulding or vibratory compacting. Pressure moulding is usually carried out by using a 
double-acting press which applies pressure equally at the top and bottom of the anode. 
The paste is cooled down to 5 to 10 °C below the pitch softening point, weighed and 
then filled in the mould, where the mixture is compressed at approximately 35 MPa. 
The resulting density of the green anode typically is around 1.6 kg/m3 [11]. 
 
Due to increasing anode dimensions, the technical importance of the vibratory 
compacting method has increased in the past 20 years [11]. Today most large size 
anodes are formed with this technique. After the mould is filled with the paste having a 
temperature of approximately 150 °C, the counterweight is placed on the top of it with a 
tight seal. In some cases a vacuum pump connected to the mould creates an 
underpressure of 0.1 to 0.3 bar. The vibration frequency ranges between 15 and 30 Hz. 
The counterweight exerts a pressure of 3 to 15 MPa. Usually the anode forming process 
is fully automated and several moulds can be operated simultaneously in alternate order. 
The formed green anode is cooled to ambient temperature, usually by dipping it into a 
water bath or by water spraying. The vacuum vibratory compacting method exhibits 
several advantages towards the regular high pressure moulding. The paste can be 
formed at higher temperature without creating problems caused by the evaporating 
gases. These gases are literally “shaken” out from the bulk [11]. The use of vacuum 
increases the viscosity of the binder; hence a higher forming temperature is possible. In 
addition, the vibration technique makes the anodes denser and it requires less capital 
investments than pressing [21]. 
 
1.4.3 Anode baking 
Current large-scale anode baking furnace designs are all of the so-called ring furnace 
type, which essentially are high-temperature heat exchangers applying indirect heating 
by combustion of gases (natural gas, propane or gases from fired fossil fuel). Two 
distinctly different ring furnace concepts dominate the aluminium industry: The 
horizontal-flue or open-top furnace (Fig. 1.4-3, Fig. 1.4-4) and the vertical-flue or 
closed-top furnace (Fig. 1.4-5, Fig. 1.4-6). The anode blocks are placed in four to eight 
rectangular parallel pits in each heat-exchanger section. Granular coke is filled around 
the anodes to protect them against oxidation by the flue gases and to provide heat 
transfer from the flue walls to the blocks. The filling material is necessary as a support 
when anodes pass through the plastic state. Such a set of pits is referred to as a section 
chamber. The pits are enclosed in between flues and can hold anode block piles 
approximately 5 m long, 5 m high and 1 m wide. A complete furnace can include up to 
70 sections or chambers in series, located in two parallel rows with crossover 
connections at each end, thus allowing the fire to progress perpetually. A ring contains 
up to four groups of sections with a fire, which are operated simultaneously. Fans 
located at the gas outlet provide a draft through the ring main surrounding the furnace. 
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Ambient air is thus pulled through the sections on cooling to recover heat before 
entering the peak fired and preheated sections. After passing through a certain number 
of sections, the flue gases are collected in the exhaust mainfold connecting each firing 
zone to the ring main. After a specified period the burners and the exhaust mainfold 
together with the air intake mainfold are shifted to the next section, in the direction of 
the flue gas flow. The anode temperature rises as the burners approach, and reaches its 
highest value when the burners are on top. The actual heat-up target is controlled by the 
applied draught and the actual combustion gas temperature in the fired sections. The 
flue walls are permeable for pitch fumes to pass from pit to flue where they are 
combusted. This has a significant impact on the flue gas temperature and thus on the 
anode temperature gradient.  
 
Fig. 1.4-2. Flue gas and anode temperature versus time during baking [11]. 
 
A computerized baking furnace process control system keeps the temperature increase 
under control. Due to release of light binder volatiles during heat up an internal pressure 
is built up in the anode. With a too high temperature gradient, this may cause crack 
propagation which influences the mechanical properties of the anode [22]. 
1.4 Industrial anode manufacturing 
 15
 
Fig. 1.4-3.  Open top horizontal flue baking furnace [11]. 
 
 
Fig. 1.4-4. Detail from open top horizontal flue baking furnace [11]. 
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Fig. 1.4-5. Closed furnace type. Cross-section of one furnace chamber indicating the 
typical flue gas flow pattern [23]. 
 
 
 
Fig. 1.4-6. Closed furnace type. Fire-group arrangement [23]. 
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1.5 Influence of the anode manufacturing process parameters on the anode 
properties and porosity 
1.5.1 Porosity in carbon  
Carbon artefacts contain voids or pores which either result from the manufacturing 
process or are inherent in the chemical composition of the raw materials. A void is an 
empty space where a discontinuity of the solid material occurs [24]. A pore is a class of 
voids which is connected to the external surface of a solid and will allow the passage of 
fluids into, out of or through a material. Examples of different pore types are shown 
schematically in Fig. 1.5-1. Open pores are connected to the external surface which will 
allow the passage of the fluids into material. Transport pores will allow the passage of 
the fluids through the material. The closed and blind pores are not conducting the fluids. 
Thereby a distinction is made between open and closed pores.  
 
Fig. 1.5-1. Different types of porosity in a porous solid. O - open pores; C - closed 
pores; t - transport pores; b- blind pores. 
 
Pores in carbons and graphites are classified by their size and shape. The pore size 
distribution extends from molecular dimensions to massive defects many centimetres in 
size in large carbon artefacts. A classification based upon pore size was proposed by the 
International Union of Pure and Applied Chemistry, IUPAC, [25], as follows: 
 
• Micropores – width less than 2 nm 
• Mesopores – width between 2 and 50 nm 
• Macropores – width greater than 50 nm 
 
This arbitrary classification is based upon the gas adsorption characteristics of porous 
solids, and was slightly modified for carbon anodes used in the aluminium production 
by Meier [11] as follows: 
 
• Micropores – width less than 0.1 µm 
• Mesopores – width between 0.1 and 10 µm 
• Macropores – width greater than 10 µm 
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Rand, Hosty and West [26] characterized pores in carbon artefacts according their type: 
 
- Pores within the filler phase 
- Intergranular pores not completely filled by pitch due to inefficient 
mixing/infiltration or use of insufficient pitch 
- Pores generated within the binder matrix phase during carbonization 
- Interfacial pores, between binder and granular phase due to separation during 
processing (shrinkage) 
 
Pores within coke grains are always present but further porosity develops if the granular 
material is heated during processing to a higher temperature than it previously has 
experienced. Open intra granular porosity may be partly filled by the binder phase 
during the mixing operation. This is determined by the wetting and flow characteristics 
of the pitch. However, the degree of penetration may be modified during subsequent 
processing because, as the pitch composition changes, so will its surface activity and 
rheology [26]. 
 
Pores within a binder phase arise due to volatile evolution during carbonization which 
causes volume shrinkage. The weight change of the carbon composites may be of the 
order of 50 % and is accompanied by a substantial increase in their true density [26]. 
 
Interfacial pores depend on adhesion between binder and filler phases and the extent to 
which this is maintained when the binder shrinks [26]. If adhesion is poor, the binder 
phase may separate from the aggregate grains during carbonization, opening up 
interfacial pores. However, if adhesion is maintained, the matrix mass pulls the grains 
together and overall shrinkage of the body (decrease in bulk volume) results. Whether 
this takes place or not will depend on the packing of the filler material. If the filler is 
efficiently packed, movement of grains relative to each other is allowed only if it leads 
to a volume expansion. Thus, control of porosity could be partly influenced by the 
interfacial interactions between constituent phases. Another aspect is important for the 
filler phase. If the packing is efficient and the intergranular space is filled with the 
binder phase prior to its carbonization, then it is difficult for the volatile matter to 
escape. Pressure of volatile matter builds up locally and creates „bubble-like” or so 
called gas entrapment pores in the carbonization region where the binder has high 
viscous fluidity. This causes a volume expansion of the anode, resulting in increasing 
porosity due to loss of volatiles and contraction of the binder during carbonization  [26].  
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Fig. 1.5-2. Conceptional pore volume distribution of a carbon anode [11]. 
 
Fig. 1.5-2 shows a conceptional pore volume distribution diagram for carbon anodes 
including all different types of pores that may exist. The pore volume distribution 
diagram contains valuable information about the raw material and the manufacturing 
process which eventually influence the performance in the pots. 
1.5.2 Coke porosity 
Coke porosity is an important property of calcined coke. Porosity can be measured by a 
number of techniques: absorption of mercury, water, or other liquids, or by penetration 
of inert gases. Belitskus [27] proposed that the bulk density of coke can be used as a 
simple indicator of total coke porosity. This involves measuring the volume of a 
weighed, sized coke sample, usually after vibration to improve compaction. With 
closely sized fractions, bulk densities of calcined petroleum cokes tend to increase with 
decreasing particle size [28]. The cokes naturally contain pores and fissures of variety of 
sizes. As large pores are annihilated on particle size reduction, density increases. Jones 
and Hildebrandt [29] indicate that the porosity of the diameter range 1-10 µm is 
particularly significant for carbon anode consumption efficiency. However, quite 
satisfactory correlations have been made [30] between important anode properties and 
vibrated bulk density results, which give an indication of the total anode porosity. 
 
The origin of coke porosity lies in the production steps and the calcination process [10]. 
The coke porosity depends mainly on the volatile matter of the green coke and on the 
heating rate during calcining. During calcining the coke shrinks about 10 - 22 % by 
volume [31, 32] and the volatile matter content is reduced to less than 0.5 %. The 
dimensional and structural changes are often connected with crack formation giving 
typical slit-like pores. In the manufacture of carbon anodes coke porosity adversely 
affects both the binder requirement and the apparent density. One of the principal 
factors controlling the pore structure and density of the coke is interaction between the 
degree of degasification and the degree of the coke contraction during calcination [32]. 
In the 1970’s Alusuisse research [33] claimed that the following properties: 
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• Metal quality 
• Anode consumption 
• Energy consumption or current efficiency 
• Pollution 
can be explained by three basic parameters of the anodes: purity, structure and porosity. 
Open pores with more than 50 µm diameter influence the gas permeability [33]. The 
pore volume distribution in the range of 0.5 to 15 µm is of importance for the coke 
reactivity. In the case of pores with larger diameters, the specific surface is too small; in 
the case of smaller pores the diffusion coefficients decisive for the reaction are too small 
to influence the reactivity behaviour of the cokes. Typical coke pore volume 
distributions are shown graphically in Fig. 1.5-3. 
 
Fig. 1.5-3. Pore volume distribution as function of the pore diameter for different 
petroleum cokes. a – high porosity coke, b – typical petroleum coke, c – low porosity 
petroleum coke [10]. 
The pitch requirement is not only a function of the sizing or the surface area of the fines 
but also of the porosity. To illustrate the impact of coke porosity tests, Fischer and 
Perruchoud  [34] examined 3 types of cokes using a plastograph mixer. Two calcining 
techniques; dynamic (industrial in rotary kiln) and static (laboratory calcining) were 
used. Microporosity of the paste was measured by Hg porosimetry and the total 
porosities and pore size distribution curves were measured. Details of the experimental 
setup are summarized in Table  1.5-I. 
Table  1.5-I. Experimental data setup [34]. Pet coke D (dynamic) was calcined in a 
rotary kiln. Pet coke S (static) was calcined in a laboratory oven. 
 
Type of 
coke Calcined in 
Micro porosity Hg 
(15 to 0.01 µm) 
Bulk density 
(1 - 2 mm) 
Pet coke D Kiln at 100 °C/min 70 mm3/g 0.84 kg/dm3 
Pet coke S Furnace at 100 °C/h 40 mm3/g 0.89 kg/dm3 
Pitch coke Coke oven at 50 °C/h 20 mm3/g 0.70 kg/dm3 
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Not only the porosity of the materials is different but also their pore size distribution, as 
shown in Fig. 1.5-4. The typical peak of the dynamically calcined petroleum coke (D) at 
about 5 µm pore size disappeared for the petroleum coke statically calcined (S). Pitch 
coke prepared in coke ovens shows a very low microporosity but the presence of 
macropores larger than 100 µm and the lower bulk density value of the large (1-2 mm) 
grain fraction (Table  1.5-I).  
 
Fig. 1.5-4. Pore size distribution of petroleum cokes calcined dynamically (D) or 
statically- (S) and of a pitch coke prepared in a coke oven [34]. 
 
The coke porosity mostly depends on the volatile matter of the green coke and the heat-
up rate during calcining. But also another phenomenon contributes to the coke porosity 
– coke desulphurization. Gehlbach and Grindstaff [35] performed a laboratory study of 
petroleum coke desulphurization. It was found that at a critical temperature Tc 
corresponding to the initial sulphur release, micropores with pore diameters smaller 
than 100 µm were formed. In a later study Samanos and Dreyer [36] pointed out that 
normally about 10 % of the sulphur content is released during the calcination process.  
As the calcination level increases the porosity increases due to thermal sulphur release. 
It first leads to prepuffing, i.e., formation of closed pores without macroscopic 
expansion of coke grains and at higher temperature puffing with decrease in apparent 
density [36]. As has been well documented by Garbarino and Tonti [37] such sulphur 
evolution will result in higher porosity, lower coke density and declining anode 
properties. As will be shown later, (Chapter 1.5.4) such over-calcined cokes will also 
tend to desulphurize more easily during anode baking. 
 
Kakuta and Tanaka [38] presented a new calcining technology to reduce the thermal 
expansion coefficient of the petrol coke. It was found that unique cracks developed 
during calcination were affected by the applied heating pattern. These microcracks 
absorb and relax the expansion of crystallites giving a reduction of the thermal 
expansion coefficient of the coke grains. Five different types of green coke were 
investigated. Calcining tests were conducted in two different ways, namely, the new 
(two-stage calcining) and traditional (one stage process in the calciner at a peak 
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temperature 1300-1400 °C). In the new calcining process green coke was initially 
calcined at a temperature between 600 to 900 °C, then cooled off and recalcined at a 
temperature of about 1300 to 1400 °C [38].  
 
Fig. 1.5-5. Simplified calcination profile [38]. 
 
It was found that regardless of the green coke type, porosity is larger for the cokes 
calcined with the two-stage method compared to traditional method. Comparing the 
pore size distribution obtained by mercury porosimetry it was found the that new (two-
stage) calcination method causes increased development of pores between 1 to 60 µm, 
regardless of the coke type. Development of these pores was found to contribute to 
reduction of the thermal expansion coefficient of the calcined coke by 16-20 % [38]. 
This pore size (microcracks) may affect the mechanical strength when processed into 
industrial anodes. However, no significant difference in strength was found for 
graphitized test pieces using the new and the traditional calcining method [38]. 
 
Letizia and Padeletti [39] investigated  pore morphology (size distribution, axial ratio 
and number of pores) and pore microstructure of 21 petroleum coke samples by means 
of an optical semi automatic image analysis system. Two calcining techniques; dynamic 
(industrial) and static (lab calcining) were used. Part of the laboratory calcining was 
done in two steps in order to study the effect of a two-stage calcining process on the 
pore morphology of petroleum coke. It was observed that the industrial (dynamic) 
calcining process increases the total pore number, compared with the lab scale calcining 
process. The larger porosity from dynamic calcining results from a higher heating rate, 
which creates more swelling of the coke, as well as more extended cracks and pore 
formation. Independent of feedstock type or calcining process a larger number of long-
shaped pores compared to round-shaped pores was observed, in any micropore range 
examined. The static two-stage calcining process carried out on cokes based on ethylene 
tar (ET) and a blend of thermal tar + decant oil (TT+DO) increases the ratio between the 
long-shaped pores and the round shaped pores, compared with the one-stage calcining 
process. On the other hand, the total coke porosity for the two types of feedstock 
develops in different ways: 
 
• The blend TT+DO for the one stage calcined samples showed the highest total 
porosity. However, in the two-stage calcining process a readjustment of the pore 
shape takes place. The most notable changes happen in the range of pore area 
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20-30 µm2, where the ratio long-shaped/round shaped pores increases, while the 
total pore number decreases. 
• For the ET feedstock coke the two-stage calcining process increases the total 
porosity as well as the total pore number. Chiefly, the number of pores above 50 
µm2 increases. In the range of the area 10-30 µm2 the one-stage calcined coke 
shows a larger pore number than the two-stage calcined [39]. This condition is 
the opposite of the situation described with TT+DO, but agrees well with the 
observations of Kakuta and Tanaka [38]. 
 
In the work of Medek and Weishauptova [40] Hg porosimetry was used to study the 
pore structure of needle coke and graphite electrodes, and the relation of the electrical 
resistivity, the bending and compressive strengths to the volume of meso- and 
macropores. With increasing porosity, the electrical resistivity of the electrode 
increased, and the strength decreased. 
 
Yanko and Lazarev [41] observed similar trends for physico-chemical properties of 
electrode cokes. The cokes were calcined in an electrically heated vertical shaft furnace 
operating continuously. Three batches of pitch coke and one petroleum coke were 
examined. It was found that the electrical resistivity of the cokes decreases linearly with 
the calcining temperature. This was explained by increasing electrical conductivity due 
to free electrons in the carbon network. As the calcination temperature increases, 
crystallite ordering of the lattice is improved and the surface bonds are liberated by the 
removal of hydrogen and chemisorbed complexes. The overall result is reduced 
resistivity [41]. 
 
1.5.3 Influence of mixing and forming 
Good mixing is an important objective to strive for to obtain good paste homogeneity 
and optimal characteristics of the anode. Improved mixing will reduce variations in 
anode properties, and may increase its service life in the potline [17]. To obtain a 
homogeneous paste, pitch and particles of various sizes must be distributed evenly and 
smaller particles fitted into voids between larger particles. If this does not happen, intra-
particle porosity will increase, and the paste that enters the forming stage will be 
inhomogeneous and contain a higher amount of trapped air/volatiles. Both are not 
desirable in a green paste [42].  
 
According to Foosnæs and Naterstad [12] the main events taking place during mixing 
are: 
• Complete wetting of all grain surfaces by the binder 
• Impregnation of grain pores and filling of voids larger than 6 µm by capillary 
effect and alternating static and dynamic pressure gradients imposed by mixer 
• Statistical distribution of grain sizes throughout the paste 
 
Clery [17] found that measuring the paste density by mercury porosimetry is a good 
indicator of the mixing efficiency. The maximum density of the paste was measured 
using a procedure similar to the mercury density test on coke. The maximum density is 
related to the coating degree of the coke particles. When the coke particle is properly 
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coated, the maximum density approximates to the mercury test density. When the coke 
particle is not properly coated, the maximum density approximates to the real density of 
the coke. It was also found that maximum density is affected by the raw materials, 
mixing energy (kWh/t), operating temperatures and grain size distribution of the 
mixture.  
 
Stokka [42] measured the variations in intra-particle porosity and proposed this as a 
measure of the homogeneity of the green paste. Porosity in paste from different plants 
operating with different mixing systems was measured and used to indicate the 
efficiency of the mixing. The variations in paste porosity were studied as a function of 
pitch content, mixing time and temperature. It was suggested [42] that the pitch content 
reduces porosity in the paste both by increased penetration of pitch into coke pores and 
by filling of the inter-granular voids. If this was the case, the reduction in porosity 
would depend not only on the homogeneity of the mixed paste, but also on the degree of 
pitch penetration. But as shown by Vanvoren [43], an increase in pitch content at 
constant mixing temperature does not result in deeper penetration into the coke pores, 
but filling of the inter-granular voids. Thus for a given mixing temperature, the paste 
porosity at different pitch contents will only reflect variations in intra-particle porosity.  
 
With increased mixing temperature more pitch is going into the coke pores as its 
viscosity is lower. More pitch into the coke pores should increase the porosity as less 
pitch is available to fill the voids between coke particles. Lower viscosity should also be 
expected to improve the distribution of the pitch and coke particles [42]. Thus for short 
mixing times the importance of viscosity was found important. Mixers with short 
retention time can improve paste homogeneity by increasing the mixing temperature. In 
the study of Stokka [42] the influence of the mixing technique was also reported. A 
more homogeneous and less porous paste was produced when changing the second ko-
kneader in an industrial line to an intensive mixer. 
 
A similar interesting study of a new process for anode preparation has been presented 
by Hohl and Bühler [20]. This process is based mainly on improved electric preheating 
of the aggregate and separate paste homogenizing and cooling in an intensive mixer and 
a mixing cooler. In order to compare the intensive mixing line to a conventional kneader 
line, one of the conventional kneader lines was shut down temporarily and replaced by 
the continuous intensive line whereas the other kneader line remained in operation 
unchanged. It was found that the new intensive continuous system produced anodes of 
similar quality compared to conventional anodes but at a 0.7 % (5 % relative) lower 
pitch content. Other advantages were better temperature control at the preheating and 
mixing stage and the possibility to use pitch types of higher softening point. In addition 
there is a considerable cut in cost due to reduced pitch consumption (pitch is two to 
three times more expensive than coke) [20]. 
 
Martirena [44] studied the effect of manufacturing parameters in the mixing and 
forming steps on the properties of carbon anodes using 4 cm diameter green samples. 
Dilatometric measurements during baking of the samples gave information on the 
mixing and forming temperatures and the degree of compaction. The heating rate from 
room temperature to 300 °C was critical for optimization of anode properties and 
1.5 Influence of the anode manufacturing process parameters on the anode properties and porosity 
 25
decreasing the risk of cracking, contrary to most of the published literature. The highest 
possible forming temperature (with respect to pitch softening point) gave dense anodes 
but the highest green density did not necessarily give satisfactory baked anodes. The 
expansion below 300 °C increased with increasing forming temperature. During 
forming the coke grains are aligned and bounded to each other. As the compaction 
efficiency increases, this linking mechanism replaces inter-granular voids and the macro 
porosity is reduced. Inside these voids there are air and pitch volatiles which should be 
expelled as completely as possible to reduce expansion during the first stage of baking 
(0-300 °C) when the remanent gases are released [44].  
 
The effect of mixing variables and mould temperature was investigated by Belitskus 
[45] to determine effects of mixing time on the quality of pressed and vibrated prebaked 
bench scale anodes. Effects of coke and pitch preheating and mould temperatures were 
determined for anodes with the same pitch content. Aggregate preheating temperature 
had no apparent effect on anode properties or optimum mixing time. Thus, the only 
effect of preheating the aggregate is to shorten the mixing time in a commercial scale 
mixer with slower heat transfer. The mould temperature had a small effect on the anode 
properties.  Decreasing mould temperature from 140 to 120 °C reduced green and baked 
apparent densities by 0.01 g/cm3 and increased the electrical resistivity by 1 µΩm. An 
increase of green and baked apparent densities was observed for anodes with the same 
pitch level over the examined mixing time range. The electrical resistivity did not 
decrease over the entire mixing time range but was stable after 30 minutes. The 
electrical resistivity may be influenced by the relative amounts of binder coke formed in 
aggregate coke pores and bridging aggregate particles [45]. The amount of bridging 
coke may decrease with extended mixing, giving a higher density but poorer electrical 
contacts among particles.  Thus it is possible to degrade anode properties by 
overmixing, which may result in less deep pitch penetration into coke pores during 
vibration of anodes [45].  
 
The ability of the binder to wet the filler surface during the mixing process (e.g. < 160 
°C in the case of carbon anodes) is critical to ensure good adhesion [46]. The wetting 
properties are dependent upon the filler and binder characteristics (i.e., softening point, 
surface tension and viscosity of the binder; texture, granulometry and chemical and 
functional groups at the surface of the filler) [47]. 
 
Rocha et al. [48] studied the mechanisms of pitch/coke interactions at the mixing stage 
by spreading drop test, using a bed of calcined petroleum coke as a substrate. Three 
petroleum pitches and one coal-tar pitch were used. Low values of surface tension and 
viscosity are required for the pitch to spread and penetrate into the coke bed at 
temperatures below 160 °C. The pitch wetting behaviour was explained as the 
combination of two consecutive phenomena controlled by the surface tension 
(spreading) and viscosity (flowing). Thus, if the pitch surface tension is too high, the 
pitch does not spread, and does not flow through the coke bed, even when the viscosity 
is low. Conversely, if the pitch spreads but the viscosity is too high, wetting can not take 
place. The non-wetting behaviour observed in some petroleum pitches was ascribed to 
oxidation processes, as demonstrated by the fact that the non-wetting pitch behaviour 
can be improved by using an inert atmosphere and/or increasing the heating rate during 
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the spreading drop test. The wetting capacity of non-wetting pitches was easily reversed 
by blending them with wetting pitches (rich in sulphur containing compounds) and by 
addition of surface active agents contributing to reduction of the surface tension and 
viscosity of the non-wetting pitches [48].  
 
Adams and Schobert [49] studied surface properties of the anode raw materials (coke 
and butts) and related them to pitch penetration behaviour. The extent of pitch 
penetration into coke and butts particles was evaluated by measuring the thickness of 
the pitch film that surrounds coarse filler particles of green mix from bench scale 
anodes. An image analysis technique was used for this measurement. Two mixes were 
produced, one mix contained butts particles as the coarse fraction, and the other mix 
contained petroleum coke as the coarse fraction. The granulometry was held constant 
for both mixtures. The results show that the average pitch film thickness for the mix 
containing butts filler is lower than the mix containing petroleum coke as the coarse 
filler. This behaviour was explained to be a result of the increased concentration of bath 
constituents found in butts, or as a result of the increased concentration of oxygen 
functional groups on the butts surface due to the anode exposure to air and CO2 [49].  
 
Belitskus et al. [50] and Proulx [51] independently observed that absence of butts 
particles in aggregate formulation increased the optimum pitch level by about 1 % 
relative to the level required with the butts content typically used in plants (18-20 % of 
butts).  
 
As the binder content of prebaked anodes increases, physical properties of the anodes as 
baked density, electrical resistivity, air permeability pass through an optimum value 
[52-54]. Proulx [51] conducted experimental laboratory and plant work to define a 
binder control equation based on raw material properties. Optimum binder content was 
derived evaluating the physical properties of pilot scale anodes produced from various 
cokes and pitches. Based on the results, the binder control equation was defined and 
implemented for laboratory scale use. 
 
In a study of Auguie, Oberlin and Hyvernat [55] the effect of mixing on mesophase 
layer coating on coke particles was studied. In the past pitches contained large amounts 
of mesophase spheres. These pitches were not suitable for preparing high quality anodes 
since the mesophase microstructure is partly destroyed by mixing. Various pitches were 
studied and also the interfaces between the filler and the binder, both in green and baked 
anodes. Characterization was carried out by high resolution electron microscopy. The 
data suggest that mixing destroys mesophase spheres. Wetting of coke by the 
mesophase rather than by the pitch is favoured; this is highly detrimental to anode 
quality. During anode baking, the destroyed mesophase partially recovers a local 
preferred orientation and shells of microporous carbon are formed around the coke 
grains, thus separating them from the binder lamellar particles. Presently the pitches 
with low mesophase content are exclusively used for the anode production. 
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1.5.4 Influence of baking 
Baking represents by far the most expensive and critical step in the production of the 
anodes [56]. During the baking process the light components of the pitch binder 
evaporate and the heavier components carbonize, binding the petroleum coke grains 
together. Due to the release of light binder volatiles during the heating period, internal 
pressure is built up in the anode bulk. With a too high temperature increase, this may 
lead to crack formation and increased anode porosity [22, 57]. The standard deviation of 
the electrical resistivity and flexural strength increase because of micro crack formation 
[56]. The acceptable heating rate for the carbon anodes depends mainly on block 
dimensions, properties set by the paste plant processing steps and the actual temperature 
range. 
 
Anode baking temperature is recognized as a critical factor in determining anode quality 
and performance [22]. Direct measurement of the baking temperature with 
thermocouples of the individual anodes inside a section is a laborious and costly 
method. Foosnæs et al. [58] presented a monitoring method based on the structural 
development (Lc) with temperature and time of a reference coke sample. In this way it is 
possible to establish a relation between the calcining level in the various anode positions 
of a furnace section by measuring the Lc of a reference sample following each anode. 
The Lc value corresponds to the average stack height of the graphitic layers (c direction) 
and indicates the degree of graphitization of the sample. By comparing this value with a 
calibration curve an “equivalent” baking temperature (°E) is obtained. The coke Lc 
method provides a reliable indication of the degree of anode heat treatment and is used 
in a number of smelters (ISO 17499). Most smelters also undertake routine anode core 
testing. A number of anode properties like thermal conductivity, the air and CO2 
reactivity, are known to be strongly influenced by the baking temperature. In the study 
of Foosnæs et al. [58] five anode quality parameters (CO2 and air reactivity, CO2 
dusting, specific electrical resistivity and air permeability) were seen to be directly 
influenced by the baking level. For CO2 reactivity a slight increase with equivalent 
temperature was observed that may indicate beginning post calcining of the coke 
aggregate at the highest equivalent temperatures. The CO2 dusting was observed to 
increase at low equivalent temperatures. This has been observed also by other authors 
[59, 60] where anode consumption decreased with increasing baking level. Increased air 
reactivity  was observed when the baking level exceeded the calcining level of the petrol 
coke [58]. This can be explained by the formation of microcracks and additional 
porosity which increases the surface accessible to air.  
 
A low final baking temperature or too short soaking time leads to selective air and CO2 
reactivity of the anodes binder matrix in the electrolysis cell ( 
Fig. 1.5-6). A too high baking temperature creates air burn problems. Appropriate levels 
are in the range 1050 to 1200 °C [56] . 
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Fig. 1.5-6. Selective burning of anode [61]. 
 
Understanding the transitions in physico-chemical properties which take place during 
heat treatment of carbon blocks is important to the control of the baking process. Major 
transitions and critical temperature ranges during carbon baking are shown in Table 
1.5-I. 
 
Table 1.5-I. Physico-chemical transitions by heat treatment [12]. 
Temperature (°C) Physico- chemical changes Major practical aspects 
0-200 
 
 
 
150-350 
 
 
 
 
350-450 
 
 
450-600 
 
 
 
 
600-900 
 
 
 
 
900-1200 
Thermal expansion of pitch. 
Release of tensions caused by 
forming and cooling. 
 
Redistribution of pitch into 
voids by pitch expansion. Post 
impregnation of the coke 
aggregate. 
 
Release of light binder volatiles. 
 
 
Coking: Transition from plastic 
to solid matrix. Release of the 
major amount of non-coking 
volatiles. 
 
Post coking: Release of heavy 
cracked volatiles. Methane, 
hydrogen and annealing of 
tensions. 
 
Crystalline reorientation and 
growth of the binder coke and 
possibly of the lowest calcined 
aggregate coke. 
Reduced density. Slight release 
of aggregate interlocking. 
 
 
Risk of stub hole slumping or 
damage. Permeability, 
mechanical strength and 
resistivity are affected. 
 
Slight reduction in density of the 
aggregate packing. 
 
Dilatometric tensions by thermal 
gradients causing expansion and 
contraction within the same 
block. 
 
No particular effect within range 
of ordinary heating rates. 
 
 
 
Dilatometric tensions by 
contraction. Macro cracks may 
arise if the previous average 
calcining level for the coke 
exceeded (> 100 °C)  
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When the heating rate was too high, the volatiles release occurred suddenly causing an 
expansion of the specimen. If this expansion is too large it may induce formation of 
cracks and pores. The baking cycle of the laboratory samples was divided into three 
intervals according to observed dimensional changes [44]: 
 
1. 0-300 °C – A considerable expansion was detected with a maximum around 200 
°C. The height and the temperature at which it occurs decrease as the heating 
rate decreases. The reason for such behaviour was attributed to the release of 
frozen stresses (due to immediate cooling after forming) and/or occluded gases 
that were entrapped at the forming stage [44]. Some authors explain this 
behaviour as a consequence of volatiles evolution [62]. 
2. 300-600 °C – A fast heating rates below 300 °C causes larger expansion and 
permeability of the sample. Thus enough channels and transport pores inside the 
sample are generated for the pitch volatiles to escape above 300 °C without 
causing further expansion of the specimen. On the other hand, at low heating 
rates, the initial expansion from 0-300 °C is not so large, so the volatiles have to 
find their way out expanding the less permeable body [44]. 
3. 600-1000 °C – No dimensional change is observed whichever heating rate was 
considered [44]. 
 
Even if the baking of small samples is explained, the extrapolation of the results to full 
scale anodes baked in ring furnaces may not be straightforward. When a large anode is 
baked, several stages can be present simultaneously in the body; transition zones will 
appear where the different expansion or shrinkage mechanisms can interfere originating 
a kind of dislocation area. The pitch volatiles released from the block centre will have to 
travel through the porous structure of already calcined regions, where they have a 
chance to remain or to continue out to the surface. This depends on the open porosity 
and the temperature gradients [44].  
 
The three analysis methods thermogravimetric analysis (TGA), gas chromatography 
(GC) and image analysis (IA) have been used to investigate the anode binder matrix 
[63]. The samples were made from commercial coal tar pitch that was crushed, sieved 
and mixed with the dust fraction of an industrial petroleum coke to an anode binder 
matrix with 40 wt% pitch level. The mixing was performed at room temperature in a Y-
mixer. The preparation method was loose powder as mixed or hot pre-pressing at 1 bar 
at 185 °C for 20 seconds. The sample mass, heating rate, N2 flow rate and sample pre-
treatment were varied according to a fractional design shown in Table  1.5-II. The 
porosity of the matrix was measured by image analysis. The pores were measured from 
5 µm and they were divided into three groups: small, medium (5-25 µm) or large (> 25 
µm). 
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Table  1.5-II.  Factorial experimental design [63]. 
Sample Mass (mg) 
Heating rate 
(°C/min) 
N2 flow rate 
(ml/min) 
Preparation 
method 
1-3 
2-6 
3-8 
4-2 
5-7 
6-1 
7-5 
8-4 
125 
200 
125 
200 
125 
200 
125 
200 
3.0 
3.0 
1.2 
1.2 
3.0 
3.0 
1.2 
1.2 
50 
50 
50 
50 
25 
25 
25 
25 
pre-pressing 
loose powder 
loose powder 
pre-pressing 
loose powder 
pre-pressing 
pre-pressing 
loose powder 
 
 
 
Fig. 1.5-7. Pore size distribution in an anode binder matrix. Full line = sample hot pre-
pressed, filled symbol = slow heating (1.2 °C/min) [63]. 
 
Increase of the sample size increased the carbon yield during baking. Increasing the 
sample size increased the amount of the large pores, while the medium pores and the 
total porosity decreased. By increasing the heating rate the density increased by almost 
10 %, which was considerable compared to the decrease in porosity. The cause of this 
was not explained. When increasing the N2 flow rate the amount of medium pores 
increased, the large pores decreased and the total porosity was approximately 
unchanged. There were observed differences in porosity and shrinkage due to different 
pre-pressing (Fig. 1.5-7). Hot pre-pressing gave a baked binder matrix with almost no 
shrinkage due to better packing.  It was proposed that pre-pressing changed the medium 
sized pores to small pores or prohibited the coalescence of pores. The reduction of 
medium porosity was the main factor for the decreased total porosity. The presence of 
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large pores due to gas entrapment was observed in all samples and was due to 
overpitched samples. Other pores found were medium entrapment pores and voids that 
were developed due to density decrease during carbonization [63].  
 
Ehrburger, Sanseigne and Tahon [64] studied the change of the binder properties of a 
green body during baking with an attempt to determine the contribution of the pitch 
volatiles to porosity formation in carbon artefacts. The formation of porosity during heat 
treatment of an extruded mixture of coke particles (- 200 µm) and binder pitch was 
investigated using image analysis. Physico-chemical changes occurring in the pitch 
during pyrolysis were followed by measuring the glass transition temperature (Tg) in 
relation to the weight loss. The samples (Ø 25 mm, length 50 mm and 25.4 % pitch) 
were baked in N2 flow using a thermogravimetric balance. The baking process was 
carried out using two different heating conditions. The first consisted of baking at a 
constant heating rate of 12 K/hour up to the final temperature which in all cases was 
650 °C. In the second, the samples were heated at 12 K/hour until a pre-selected 
temperature was reached and thereafter treated isothermally for 60 hours. Afterwards, 
they were heated at 12 K/hour up to 650 °C (treatment with intermediate isothermal 
step). Typical views of the analysed areas are shown in Fig. 
1.5-8.
(green) (300 °C) (650 °C)
Fig. 1.5-8. Treatment at constant heating rate. Binarized views of studied cross sections 
of samples [64]. 
 
Important modifications are found in pore size shape after carbonization at 650 °C. 
Total porosity and number of pores per unit area are shown as functions of temperature 
in Table  1.5-III. A first increase in porosity is found between 100 and 200 °C. This was 
attributed to an expansion of pitch volume above its glass transition temperature and to 
the relaxation of stresses in the body after binder softening, since the weight loss in the 
same range of temperature is less than 1 % [64] ( Fig. 1.5-9). The porosity remains 
nearly equal to 10 % between 200 and 375 °C. Thereafter, a marked increase is found 
between 385 and 400 °C and the porosity reaches a value close to 30 %. In the same 
temperature interval, the sample undergoes a weight loss equal to 10 % (Fig. 1.5-9). Up 
to 400 °C, the number of pores per unit area remains almost constant which suggests 
that the pore size increases between 375 and 385 °C [64].  
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Table  1.5-III. Porosity and number of pores in a sample heated with a linear heating 
rate 12 K/hour [64]. 
 
Temperature 
(°C) 
Porosity
(%) 
Number of pores
(mm-2) 
Untreated (green) 4 5 
200 11 7 
250 10 7 
300 12 6 
350 11 5 
375 7 3 
385 26 7 
400 32 6 
650 24 10 
 
A slight decrease of porosity was observed after treatment at 650 °C which probably 
corresponds to the shrinkage of the extruded sample. Meanwhile, the number of pores 
per unit area increased slightly which suggests that the porous texture of the sample 
undergoes a significant change during the transformation of pitch into semi-coke [64]. 
 
 
Fig. 1.5-9. Porosity as a function of weight loss during baking at 12 K/hour [64]. 
 
The change in the size and shape of pores during heat treatment was also investigated. 
Since various pore shapes can be found, the size of a pore is considered equal in a first 
approximation to the square root of its cross-section. In all cases, the most frequent pore 
size is in the range 100 to 200 µm. In the green sample, more than 95 % of the pores are 
smaller than 300 µm and slightly less than 90 % after heat treatment at 300 °C. In 
contrast, after carbonization at 650 °C, pores with sizes larger than 500 µm are present 
in the sample. The largest pores also tend to become more elongated. The formation of 
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porosity in the temperature range 300-400 °C is generally attributed to the departure of 
volatile compounds from the pitch, and the gradient in pitch composition may be 
expected from the external to the internal part of the shaped body. Observed difference 
in Tg  between the outer and the inner parts of the sample indicated that the extend of 
pitch devolatilization differs quite significantly during heat treatment[64]. 
 
The selected temperatures of intermediate isothermal baking steps were 250, 300, 350, 
and 370 °C, respectively. The weight losses corresponding to the end of the isothermal 
plateau are shown in Table  1.5-IV. It was observed that weight losses at the end of the 
isothermal steps at 250 and 300 °C are similar to those baked at the constant heating 
rate to 350 (16 %) and 400 °C (30 %) respectively. These results suggest that the 
departure of low molecular mass compounds of the binder is more advanced in the 
isothermally treated sample although it has been exposed to a lower temperature than 
the other one [64]. 
 
The isothermal heating also has a significant effect on development of porosity in the 
sample after final baking at 650 °C as indicated in Table  1.5-IV. 
Table  1.5-IV. Pitch weight loss an porosity in sample baked at intermediate isothermal 
step [64]. 
 
Pitch weight loss (%) at Temperature of  
isothermal 
treatment (°C) end of plateau 650 °C 
Porosity at 650 °C 
(%) 
250 14 40 7 
300 30 47 9 
350 42 47 8 
370 42 44 18 
 
In fact after an isothermal treatment in the temperature range 250-350 °C the porosity in 
the baked sample was similar to the one baked at a constant heating rate. When 
isothermal steps were performed at higher temperatures, the porosity increased again 
since the heating rate profile tends to become similar to those under constant heating 
rate conditions. Overview of an analysed cross section from the sample baked at 
isothermal step at 250 °C and final baking at temperature 650 °C is shown in Fig. 
1.5-10. 
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Fig. 1.5-10. Overview of sample baked at 
650 °C with an isothermal step at 250 °C 
[64]. 
 
Fig. 1.5-11. Comparison of pore size 
distribution in samples baked at 650 °C in 
the constant heating condition and with 
an intermediate isothermal step at 250 °C 
[64].
 
It was found that pores are smaller and less elongated than after a constant heating rate 
to the same temperature, Fig. 1.5-8. Histograms of pore size corresponding to both types 
of baking are compared in Fig. 1.5-11. The difference in pore size is quite significant 
since all pores are smaller than 400 µm after isothermal treatment whereas in the other 
case their size can be much larger [64]. 
 
The formation of volatile compounds during pyrolysis of a binder pitch in a green body 
is a kinetically controlled process. In that respect, the porosity development depends 
basically on kinetic considerations, i.e., the rate of formation of volatiles must be 
comparable to/or lower than the rate of their diffusion to the surface the green body 
[64]. Under sufficiently slow heating conditions, low molecular compounds essentially 
diffuse through the fluid pitch and evaporate at the external surface of the sample during 
baking [64].  As a result, no marked porosity is formed during baking. In contrast, a 
high heating rate allows low molecular mass compounds to accumulate inside the 
sample and the formation of a significant porosity is due to the evaporation inside the 
sample of these compounds [64]. The porosity formation due to pitch devolatilization 
takes place during a rather narrow temperature interval when the sample is heated at 12 
K/hour. Only a small fraction of pores was formed when the sample was submitted to 
an intermediate isothermal step which allowed the departure of volatile compounds 
from the binder [64]. 
 
Another contributor to porosity development during anode baking can be 
desulphurization. Sulphur loss during the calcining of petroleum cokes and the 
subsequent impact on anode quality has been widely reported in the literature [35, 65-
67]. Vogt and Ries [68] pointed out that calcined petroleum cokes that undergo further 
extensive heat treatment during anode baking, can lead to sulphur loss and porosity 
development. Although anodes are subjected to lower maximum temperatures during 
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baking than the petroleum coke during calcining, the exposure time in the baking 
operation is much longer. The combined effect of baking time and temperature 
(equivalent temperature) was examined and found to result in anode desulphurization 
leading to poorer anode quality [68]. The way in which the sulphur was lost affected the 
resulting porosity characteristics of the anode as well as the anodes physical, 
mechanical and chemical properties. 
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Fig. 1.5-12. Anode porosity, as determined by Hg porosimetry as a function of peak 
temperature and soaking time (Redrawn from Vogt and Ries [68]). 
 
Fischer and Keller [22] have reported that anode desulphurization during baking, 
particularly with high sulphur content cokes, can dramatically impact the air reactivity 
due to increased anode porosity. This is also confirmed by a study of Samanos and 
Dreyer [36] where pilot scale anodes were made from cokes produced at different 
calcining conditions and different maximum baking temperatures of the anodes (920 °C 
to 1260 °C). Pilot scale anodes manufactured from highly calcined cokes resulted in less 
advantageous physical and mechanical properties. In particular: 
 
• The specific electrical resistivity was higher with coke calcined at higher levels 
• Flexural and compressive strength, as well as Young’s modulus, were lower 
• The calcining of cokes at high temperature leads to an additional demand in 
pitch (due to porosity increase) in order to reach the optimum baked apparent 
density. In any case, low calcined cokes produced anodes of higher baked 
density. 
 
Above 1100 °C, larger sulphur release was observed for anodes made from high sulphur 
cokes. On the other hand, limited sulphur losses occurred for the low sulphur coke. For 
all cokes it was observed that the higher the coke was calcined, the earlier the sulphur 
escaped during baking. Thermal sulphur release seems to be a key phenomenon 
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affecting almost every anode characteristic including anode porosity [36]. It was stated 
that the optimum baking level, defined by the maximum temperature and minimum 
soaking time, should be chosen as close as possible to the level for which the 
desulphurization process starts to deteriorate the anode properties. A correct baking 
level is more important with high sulphur cokes than the level of coke calcination [36]. 
 
Xue, Aune and Øye [69] studied the influence of sulphur and AlF3 addition in the pilot 
scale anodes on catalytic carbonization in order to facilitate the setting of baking 
parameters for a possible accelerated baking process. The sulphur in baked anodes has 
been found to reduce the CO2 and air reactivity [60]. The coke yield of the pitch binder 
was found to increase with addition of sulphur powder and AlF3 in pilot scale carbon 
anodes baked at 900 °C or 1060 °C. The AlF3 additions result in lower porosity than the 
pure carbons (reference anodes with no addition of S and AlF3). This was mostly due to 
a decrease of pores in the size range 60 to 180 µm (Fig. 1.5-13).  
 
 
Fig. 1.5-13. Pore size distribution of the carbon anodes with various additions baked up 
to 1060 °C (Xue, Aune and Øye [69]). 
 
The total porosity values for both 1 % and 2.6 % AlF3 additions were similar, and also 
the fraction of large pores (> 180 µm) increases with 2.6 % AlF3, suggesting that adding 
more AlF3 would not yield further decrease in porosity.  The added sulphur produces 
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more pores in the baked carbons. It was found that such increased porosity is due to an 
increase of larger (> 50 µm) pores (Fig. 1.5-13). It was also noted that the fraction of 
small pores (~ 50 µm) is less with the sulphur additions than with the pure carbons, 
probably as a result of a higher degree of carbonization [69]. However, more gaseous 
products can produce much larger pores, so that it can overtake the positive effect 
offered by the higher degree of carbonization. Reducing the sulphur addition to 0.25 %, 
the amount of larger pores (160 µm) decreases, as expected, but still not sufficient to 
have a resulting carbon structure like in the case of pure carbon anodes. 
 
The trend of pore development versus baking temperature indicated that the majority of 
the pores are formed at a temperature below 550 °C, due to evolution of gaseous 
products. However, the AlF3 addition reduced the number of pores with further 
increasing baking level, while sulphur addition did the opposite [69]. For this reason an 
alternative baking procedure was proposed: lower heating rate at stages involving 
volatiles evolution and higher rate at stages with increased degree of carbonization may 
improve the resulting carbon structures. Being aware of a predicted future shortage of 
low sulphur crude oil, the role of sulphur as an impurity should be viewed from both its 
negative and positive aspects [69].  
 
In the previous work of Xue, Sørlie and Øye [70] it also was tried to reduce the baking 
temperature or time by accelerating the carbonization process with the addition of 
catalysts (S, AlCl3, AlF3) to green anode mixtures. It was found that the pyrolysis 
temperature for non-coking volatiles decreased with the catalyst content, and that the 
coke yield of the pitch binder increased. 
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1.6 Image analysis 
1.6.1 Analytical methods for the anode porosity characterization 
The traditional way to measure porosity in carbon materials is to use mercury 
porosimetry. With mercury porosimetry, the amount of liquid mercury (which does not 
wet carbon) penetrates the sample pores at increasing pressure. This method has several 
disadvantages. It cannot measure pores larger than 50 µm radius (because these are 
filled initially). It also assumes a non-intersecting cylindrical model [71] of the pore 
shape allowing calculation from the output pressure curve to a pore radius size 
distribution. The problem with using this method to measure pores in carbon is that the 
carbon pores are very irregularly and randomly shaped. They are also usually heavily 
interconnected with small cracks and smaller pores. A large pore with a small opening 
(crack) to the outside will appear as a large amount of smaller pores (at the size of the 
opening) when using mercury porosimetry [72].  
 
The common way to characterize pores too large to be measured by mercury 
porosimetry is by using microscopy and image analysis [72]. This method can give an 
overview of the size distribution of the larger pores, fairly independent of the way they 
are connected. The image analysis software has a procedure for disconnecting 
connected pores. In addition to this, information can also be obtained on how the pores 
are arranged (connected vs. separated, clustered vs. distributed). Other advantages with 
image analysis include output of spreadsheet data for easy statistical treatment, and 
results that are independent of human evaluation. Disadvantages of the image analysis 
technique are that the smallest measurable pore size depends on the chosen 
magnification and the resolution of the image digitizing system (in our case a CCD 
video camera and movable stage). Image analysis also relies on the assumption that the 
analysed surface is statistically representative for the entire sample. Therefore analysis 
of as large areas as possible is desired. Another possible disadvantage with image 
analysis is that it is only capable of analyzing 2D sections, while the porosity is a 3D 
property. However, if the pores are randomly oriented, a 2D section will be statistically 
representative of the 3D structure [72]. 
 
True 3D information on porosity can be acquired through X-ray micro tomography and 
computer processing of the data. This method was used by Adams [73] to determine the 
density profile of carbon anodes through non-destructive analysis. X-ray computerized 
tomography (CT) is the method that can determine porosity and density of the materials 
and represent the information visually at high resolution. In X-ray CT operation the 
detectors collect data at different angles to make a 2D construction of the inner 
structural image. The third dimension of the images can be tuned by moving the 
position of the image slices (X-ray beam position emitted from the tube) and by moving 
the sample to another predetermined location by the computer controlled table. Fig. 
1.6-1 shows 54 locations scanned, each with slice thickness of 2 mm, so that full 
coverage (enabling 2D or 3D reconstructions) could be achieved. 
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Fig. 1.6-1. X-ray images of a baked anode, Adams [73]. An anode sample of 50 mm in 
diameter was scanned at 54 locations each with a slice thickness of 2 mm. 
 
 
Fig. 1.6-2. Comparison of green and baked anode images at the centre of an anode [73]. 
Individual images from Fig. 1.6-1 in greater detail. At this level of detail, features such 
as voids or coke pores are apparent. 
 
The advantage of scanning the object at regular intervals is that it enables the 
observation of the continuity of the structural features. The disadvantage of this 
technique is availability and it is useful only with very homogeneous materials where 
small volumes (e.g. a few mm3) are representative of the entire sample [72]. 
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1.6.2 Principle of the image analysis technique 
A fully automatic method for image analysis of porosity in baked carbon anodes has 
been developed by Rørvik and Øye [72] and used for macro porosity characterization of 
the studied anodes. The method is based on optical microscopy and is capable of 
analysing large sample areas (several cm2). It provides various statistics of pores in the 
range of 1 µm to 10 mm radius. The purpose of using image analysis in this work was to 
characterize macro-porosity of carbon anodes and to explain correlations with measured 
anode physical and chemical properties. 
 
One major advantage of image analysis is that a pore model is not necessary to analyse 
and interpret the data. It must be remembered that all images are two-dimensional and 
to obtain three-dimensional structures the sample must be sectioned. This approach 
allows interconnections and blind/open macro pores to be recognized, which is not case 
for the majority of other techniques used to investigate porosity. Particular attention 
must be paid to sample preparation and a sufficient sample number must be analysed to 
give statistically representative results [71].  
 
Prior to microscopy examination the samples require special preparation. Since the 
main interest in this work is to determine the porosity, the samples are impregnated with 
fluorescent epoxy resin [74]. The advantages with this technique is that the epoxy mix 
wets the carbon surface very well and there is practically no shrinkage or any heat 
development during curing that might affect the result. When the pores are filled with 
fluorescent resin they light up brightly when viewed in near ultraviolet light in the 
microscope. The hardness of the resin is also approximately the same as the carbon, 
thus avoiding problems with inhomogeneous abrasion during polishing. In the next step 
the samples need to be ground and polished to achieve a planar surface, ensuring that all 
points will be in focus at the same time. 
  
A flat, polished carbon sample is then placed on a motorized stage with a computer 
programmable controller. This allows the sample to be moved systematically by the 
computer, so that a series of adjacent frames can be analysed. A grid of adjacent images, 
sufficiently large to cover most of the sample surface is captured by the camera (Fig. 
1.6-3) and analysed by the image analysis program. The analysis program is a modified 
version of the public domain image analysis program NIH Image, developed by Wayne 
Rasband [75]. The image analysis program measures only pores entirely inside each 
frame, and suppresses measurement of the pores cut by the edge until the missing part 
of the pore is acquired in the next frame. When four frames are merged, the unanalysed 
parts are kept until the next four frames are finished. This process is recursive, so that an 
arbitrary number of levels can be analysed, thus allowing analysis of arbitrary large 
pores covering arbitrary large areas. This is the major strength of this image analysis 
method. The result is independent of the magnification and number of frames measured, 
since all pores on the entire surface are measured, and only once. The magnification 
determines the lower size limit of pores that can be measured. 
Fig. 1.6-3 shows the recursive order of the frames that are captured and analysed. When 
e.g., frames 1-16 are analysed, these will make a rectangle containing the pores crossing 
the edges of the 1-4, 5-8, 9-12 and 13-16 sub-frames. This rectangle is therefore 
1.6 Image analysis 
 41
processed after frame 16 is processed. Fig. 1.6-3 shows what the image analysis “sees” 
at each level. 
 
 
Fig. 1.6-3. The recursive order the frames acquired (clockwise) [72]: a) Frames 1-4 are 
merged, b) Frames 1-4, 5-8, 9-12 and 13-16 are merged, c) Frames 1-16, 17-32, 33-48 
and 49-64 are merged. 
  
The resulting data is merged using Microsoft Excel macros and presented using 
templates. The image analysis outputs the porosity values as the sum of the areas pores 
with a specified radius interval, as a percentage of the total analysed sample area. The 
sum of all porosity values is thus equivalent to the total porosity.  
 
1.6.3 Pore classification 
The technique of image analysis can be used also for classification of pores based on 
pore shape; particularly classification of calcination cracks and gas bubble pores in 
petroleum coke to distinguish the porosity due to the raw materials from the porosity 
that develops during production of the anode [76]. The main advantage of this method 
modification is that it can distinguish between coke pores and pores in the binder 
matrix. Binder matrix pores are the pores that come from the anode manufacturing 
process (mixing, forming or baking steps), and this is the only porosity that can be 
optimised by the anode plant.  
 
There are two main areas of application of the anode porosity measurements: 
downstream, to study the anode structure and correlate it with the anode properties 
given by routine analysis such as density, reactivity, strength, electrical resistivity and 
thermal expansion. Upstream, to study the effect of production factors in the paste plant 
and the baking furnace on the anode porosity. 
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The diagram in Fig. 1.6-4 shows different classes of pores associated with certain 
production steps.  Pores in coke have a different shape from pores in the binder matrix. 
Fig. 1.6-5 shows a part of a large coke grain. The pores consist of large rounded gas 
bubble pores (which were present in the green coke); thin elongated calcination cracks, 
and large cracks due to shrinkage. Fig. 1.6-6 shows a section of a prebaked anode. Pores 
are black and carbon is white. Several large coke grains are present, outlined manually. 
They cover several tens of percentage points of the total area. The pores from the 
mixing and baking process are outside the coke grains.  
 
Coke producers
Raw material pores
Anode producers
 
 
Fig. 1.6-4. The anode production steps and associated porosity, Rørvik, Lossius and 
Øye [76]. 
 
 
Fig. 1.6-5. Part of a large single coke 
grain [76]. 
Fig. 1.6-6. Coke grains in prebake anode 
sample [76]. 
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The most relevant parameters used in classifying pores are those related to deviation 
from a perfect circle; i.e., pore roundness, and those related to the degree of pore edge 
roughness. The three main classification parameters were selected [76]: 
 
1. Aspect ratio 
2. Surface roughness 
3. Degree of circularity 
 
The aspect ratio is simply the ratio of the major/minor axis of an elliptical 
approximation of a pore. The surface roughness is defined as the number of pixels at the 
edge of a pore divided by the number of pixels at distance R from the edge, where R is 
the width of one pixel [76].  The degree of circularity was defined by an alternative 
measure called Ellipse Coverage Ratio (ECR).  
 
intersected area of  pore and its equivalent ellipseEllipseCoverageRatio
complete pore area
=  
 
This is measure of degree of ellipsity rather than circularity. It is simply the fraction of 
coverage between the pore and its equivalent ellipse (Fig. 1.6-7). 
 
Fig. 1.6-7. A) Elliptical, ECR = 0.97, B), Irregular pore, ECR = 0.65. 
 
It was decided to divide the pores into 5 different classes [76]: 
 
1. Pores too small to be classified (light blue colour) 
2. Elongated pores (coke calcination pores) (orange colour) 
3. Round pores (coke gas bubble pores) (purple colour) 
4. Irregular pores (binder pores due to imperfect mixing or baking pores) (green) 
5. Edge pores (not counted) (blue colour) 
 
In the image analysis program a procedure, which recognizes and colorizes all measured 
pores, according to the class number was implemented. An overview image showing all 
classified pore colours was merged into one image. Fig. 1.6-8 shows the capability of 
the pore classification to successfully distinguish between pores in coke and pores in the 
binder matrix, i.e., to distinguish pores due to production. The results are shown as 
multiple images according to pore classes.  
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        a)           b)            c) 
Fig. 1.6-8. Multiple images of the pore type classification [76]  
a) All pores are shown (classes 1, 2, 3, 4 and 5). Coke grain boundary is outlined with 
red colour. 
b) Elongated and round pores that are already in the coke before anode production.  
c) Irregular pores, mainly in the binder matrix due to the mixing or baking process. 
 
The images in Fig. 1.6-8 illustrate how visual inspection alone can be of use; it is 
possible to guess the cause of high porosity from the shape and distribution of the pores. 
It can be determined if difference in porosity is related to the coke, binder or mixing 
pores. 
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2 RAW MATERIAL PROPERTIES  
2.1 Petrol coke and pitch analysis 
In the experimental work two types of petrol coke were used. For laboratory pilot anode 
production a single source petrol coke, SSA, was used. In another part of the 
experimental work pilot scale anodes were produced from industrial paste which was 
prepared in a paste plant from a coke blend. The investigated cokes were received with 
physical and chemical characterisation given in Table 2.1-I. The analysis was performed 
by the coke suppliers and the laboratory at Hydro Aluminium Årdal. 
 
Table 2.1-I. Physical and chemical properties of the investigated cokes. SSA- single 
source A coke [77], Blend- blended coke [78, 79]. 
 
Properties Method Unit SSA Blend 
Moisture DIN 51904 wt% 0.05 0.02 
Ash ISO 8005 wt% 0.16 0.09 
Sulphur ISO 12980 % 1.18 2.01 
V ISO N 837 ppm 147 250 
Si ISO N 837 ppm 63 150 
Fe ISO N 837 ppm 105 200 
Ca ISO N 837 ppm 110 80 
Ni ISO N 837 ppm 82 150 
Na ISO N 837 ppm 55 60 
Real density ISO 8004 g/cm3 2.07 2.08 
Spec. el. resistivity ISO 10143 µΩm 490 500 
Air reactivity Hydro method mg/cm2h 79.7 96.6 
CO2 reactivity Hydro method mg/cm2h 24.5 11.0 
Grain stability ISO 10142 % 87 74 
Porosity Image analysis NTNU method % 16.8 20.5 
 
The two cokes differ in sulphur content where the blended coke has 2.01 % comparing 
to 1.18 % for the single source coke. There is also a difference in the grain stability 
where the SSA coke is mechanically stronger than the blended coke. Porosity was 
analysed on a 0.5 to 1 mm coke fraction [74, 80]. The porosity is larger for the blended 
coke which correlates well with the higher sulphur content. The blended coke has also 
higher content of catalytic elements (V, Ni, and Fe) and thus higher air reactivity. The 
specific electrical resistivities of two coke types are almost the same. 
 
Table 2.1-II shows physical and chemical properties of pitch used in the experimental 
work. 
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Table 2.1-II. Physical and chemical properties of the applied pitch [81]. 
 
Analysis Unit Analytical result
Softening point ºC 120.4 
Insoluble in Quinoline % 6.0 
Density at 25 ºC g/ml 1.309 
Coking value % 58.6 
Ash % 0.14 
Zn ppm 174 
Pb ppm 126 
Fe ppm 77 
Ca ppm 37 
Na ppm 155 
S % 0.48 
Si ppm 88 
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3 PILOT SCALE ANODE PRODUCTION AND EXPERIMENTAL 
PROCEDURES  
The pilot scale anode production consisted of the four main production steps; aggregate 
preparation, mixing, forming and baking. The effects of variation in the production 
steps and their influence on the total porosity development as well as the physico-
mechanical and chemical anode properties were studied. 
3.1 Aggregate preparation 
A defined recipe was used for all pilot scale laboratory produced anodes from SSA 
coke. The appropriate amounts of fractions and coal tar pitch were blended according to 
a typical industrial recipe that was recalculated for 4.9 kg of paste. The blocks were 
produced with three different fines fractions (dust fineness) and six different pitch 
contents that were used during the entire laboratory work. Dust fractions according to 
sieve analyses are marked as high (94 % < 63 µm), medium (63 % < 63 µm) and low 
fines (45 % < 63 µm). Thus low fines refer to the coarsest dust fraction and a high fines 
corresponds to the finest dust fraction.  
 
In addition, particle size distributions of the dust fractions were measured by the particle 
size analyser Fine Particle Analyser 2001L (FPA). The particle analyser uses the 
computer vision technology, to image free falling particles with video camera and 
transfers the images to a computer for measurements. Particle size distribution curves of 
the three levels of fines are shown in Fig. 3.1-1 and Fig. 3.1-2. Table 3.1-I shows all the 
paste compositions used in the laboratory production. 
Table 3.1-I. Composition of the paste. 
 Pitch (wt %) 14 15 16 16.5 19 21 
 Pitch (g) 686 735 784 808,5 931 1029 
Fraction size Weight (%)/(g)       
14-5.6 mm 17.2 725 716 708 704 683 666 
5.6-2.0 mm 23.7 999 987 975 970 941 917 
2.0-0 mm 34 1433 1416 1399 1391 1349 1316 
Fines 25.1 1058 1045 1033 1027 996 972 
Sum 100 4900 4900 4900 4900 4900 4900 
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Fig. 3.1-1. Particle size distribution curves 
of the fines used in pilot scale production.
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Fig. 3.1-2. Cumulative particle size 
distribution of the fines used in pilot scale 
production. 
 
There is some minor incoherence in the distribution curves, mostly in large particle 
measurements around 100 µm. This could be due to measurement errors when larger 
clusters were formed during light projection which gives a false signal about particle 
size. However, there was not achieved exactly the same distribution for - 63 µm 
particles as in the case of sieve analysis [80], qualitative composition of the fines was 
confirmed by this alternative method. 
3.2 Mixing 
For pilot scale anode production two mixer types were used. The prepared coke 
fractions were preheated in a heating cabinet and then blended in the sigma and 
intensive mixers, respectively. In both cases the aggregate was preheated overnight at 
170 °C to ensure constant temperature before the coal tar pitch was added. Mixing times 
were set for both mixer types individually (Chapter 4.5.), [82]. As shown later, the 
influence of mixer type and mixing time was found to be important parameters for 
analysed properties of pilot scale anodes. 
3.2.1 Sigma mixer 
In part of the experimental work a batch double blade Sigma mixer was used. The 
sigma mixer falls in the class of medium intensity mixer [83]. The mixer consists of two 
horizontal mixing blades revolving in the rectangular oil heated trough. The trough is 
curved at the bottom to form two half cylinders or saddles. The two blades are driven by 
gears and sweep the entire area of each half cylinder during each revolution. The blades 
revolve against each other by unequal speeds and mix by imparting both a transverse 
and a lateral motion in the charge. The sigma mixer has a good mixing action, readily 
discharges materials which do not stick to the blades, and is relatively easy to clean 
when sticky materials are processed. 
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Fig. 3.2-1. Sigma blade mixer (Werner & Pfleiderer LUK 5.0 K2). Lower picture shows 
detail of trough with mixing blades. 
3.2.2 Eirich mixer 
An intensive Eirich mixer RV 02/E (Fig. 3.2-2) was used in the second part of the 
experimental work. The Eirich mixer’s operational tools consist of the rotating mixing 
pan, an eccentrically arranged mixing tool and a scraper tool. The mixer was in addition 
equipped with a frequency controller (FC) Commander SE (size 2), that enables step 
less rotor tip speed control. An optimal tip speed 12 m/s (1218 rpm) was found (Chapter 
4.5). The typical filling weight is in the range 4.8 to 5 kg of carbon paste. The rotating 
mixing pan is heated with a hot air blower LEISTER, (3100 W, 350 l/min.) up to 180 - 
190 °C. Applied mixing times were 5, 7.5 and 10 minutes. 
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Fig. 3.2-2. Intensive Eirich mixer. Lower picture shows the rotating pan and detail of 
the mixing tool and scraper. 
3.3 Forming 
Anode forming was carried out in a pilot scale vibration compactor built at NTNU [84]. 
The compactor operates with an optimal load of 320 kg placed on top of the piston and 
an amplitude in the range of 0.8 to 1.2 mm [84]. The vibration frequency can be 
controlled from 0 to 50 Hz with a frequency inverter. The maximum mass of the sample 
is 5 kg. 
 
The cylindrical mould has an internal diameter of 160 mm and can be heated to 165 °C. 
The vibrating compactor is also equipped with several sensors. Thus the 
vibrocompaction process can later be analysed. All data are logged to a PC with a 
sampling frequency of 1000 readings per second. The control program was written in 
the graphical language Lab View 6.1 [85] and controlled the duration and frequency of 
the compaction. The height of the anode sample was continuously monitored by a laser 
distance meter.  
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The following procedure was used for production of vibration compacted green anodes. 
The interior of the heated mould was sprayed with a silicone oil based lubricant in order 
to reduce friction and sticking as well as to improve the sample discharge. The mould 
was filled with paste and the temperature of the paste was measured through the paste 
volume. The compacting piston was lowered and allowed to rest freely on the paste. 
The forming parameters were launched from the PC, which then starts the vibration 
forming. Following paste compaction, the piston was raised and the formed block was 
pressed out from the mould. The green anode was allowed to cool in air before further 
measurements and experiments were performed. 
 
Fig. 3.3-1 shows an image of the vibrating compactor. The load can be regulated by 
adding or reducing the quantity of the steel plates placed on the top. The lifting 
mechanism can be safely operated by a hand held remote control. The mould 
temperature is controlled by a transformer. 
 
piston with 
load
control PC
heated mould
remote control
 
Fig. 3.3-1. Picture of the vibration compactor. 
3.4 Baking 
The green anodes were baked in an electrically heated oven (Nabertherm N 150/H) 
shown in Fig. 3.4-2. The anodes were heated to 550 °C with different heating rates 
ranging from 5 °C/h to 80 °C/h (Fig. 3.4-1). After reaching 550 °C a uniform heating 
rate of 100 °C/h was used for all samples. The soaking temperature was between 1100 
and 1150 °C and soaking times of 5 and 8 hours were used.  The dimensions of the oven 
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allowed baking of four green anodes simultaneously. They were placed two by two in 
steel containers and packed with coke. The packing coke had a particle size from 5 to 15 
mm. The containers were stacked one on another and placed in the centre of the oven. 
 
For some of the measurements a reference coke was used for determination of the mean 
crystallite size (Lc) according to ASTM D 5187-91 to verify even baking level for the 
pilot anodes.  
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Fig. 3.4-1. Schematic plot for baking curves with different heating rates up to 550 °C. 
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Fig. 3.4-2. Electrically heated oven (Nabertherm N 150/H) and steel container used for 
the baking of green anodes. 
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3.5 Optical microscopy and image analysis 
The hardware setup for the porosity measurements is shown in Fig. 3.5-2. Samples were 
examined by using an inverted reflected light metallurgical microscope (Leica/Reichert 
MeF3A), equipped with a motorised XY-stage and Z-focus controller. The stage 
movement and focus is controlled directly by the computer image analysis software. 
Digital images were acquired using an electronic 3-chip CCD video camera (Sony DCX 
950P) with analogue RGB output and a frame-grabber card. 
 
Prior to microscopy examination the samples required special preparation steps. An Ø 
50 mm core was drilled from each baked anode and sliced into segments according to 
Fig. 3.5-3. Each segment and its top cutting surface were impregnated with fluorescent 
resin under vacuum. Epofix two-component epoxy (Bisphenol-A-(epichlorhydrin) and 
Oxirane, mono [(C12-C14-alkyloxyl) methyl] derivates) with Epodye green fluorescent 
dye (Struers, Denmark) was used. Using a fluorescent resin gave a good contrast 
between the pores and the bulk phase using near ultraviolet light. After the epoxy was 
cured segments were ground and polished in several steps using a combination of the 
SiC papers and diamond abrasives. The grinding and polishing were performed on a 
RotoPol-31 unit supplied by Struers. A force of 50 N per Ø 50 mm sample was applied 
and the rotation speed was 300 RPM. SiC papers of sizes 80, 120 and 220 grit were 
used and continuously wetted by water. The grinding was finished just after all excess 
resin was removed down to the carbon surface. Next, the samples were polished on 
polishing discs sprayed by diamond spray and continuously wetted by ethanol. The 
samples were polished in three consecutive steps using 9, 6 and 3 µm polishing discs 
with 40 N force per sample and 3 minutes polishing time. The final polishing step was 
performed using a cloth disc of 1 µm with reduced force 20 N per sample.  
 
With sufficient storage space, images of the series of samples are acquired and 
analysed. At magnification 40x which was mostly used in this work, 16x24 = 384 
frames are required to cover a Ø 50 mm sample (16 cm2), and takes about half an hour 
to acquire and analyse. In Fig. 3.5-1 an overview of the analysed area for one segment is 
shown together with the frame partition. 
 
3. Pilot scale anode production and experimental procedures 
 
 55
 
Fig. 3.5-1. Overview of an analysed area of one Ø 50 mm segment. 
 
The total porosity of the pilot scale anode was determined from the average porosity of 
four segments. Thus with four Ø 50 mm segments, the total analysed area for one pilot 
scale anode is 64 cm2.  
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Fig. 3.5-2.  Hardware setup used for optical microscopy and image analysis. 
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heigth:25mm
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φ : 160 mm
Anode core 
drill:φ : 50 mm
ht  25 mheight: ca. 155mm height: 155 mm
 
Fig. 3.5-3. Scheme of sample preparation. 
 
3.6 Characterisation of green and baked density of the anodes 
Two methods for green and baked density determination were used. Measurement of 
apparent density and open porosity using a hydrostatic method according to ISO 12985-
2 was used for density determination of ca 5 kg anode blocks. The apparent density of a 
material is defined as the ratio of its dry mass to its volume (Eqn. 5). The volume was 
determined by measurement of the Archimedes’s force applied to the sample saturated 
with water after boiling. The open porosity was simply measured by calculating the 
ratio of the mass of water, which has penetrated into sample after boiling, to the mass of 
the displaced water measured with the hydrostatic balance in Fig. 3.6-1 (Eqn. 6). 
1
3 2
a w
m
m m
ρ = ×ρ−        Eqn. 5 
 
3 1
3 2
100w
m m
m m
−ε = ×−       Eqn. 6  
 
Where: 
Da is the apparent density  
gw is the open porosity accessible by the water, expressed as a percentage by 
mass 
m1 is the dry mass 
m2 is the immersed mass 
m3 is the mass after saturation by boiling 
Dw is the density of water at the actual temperature 
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Fig. 3.6-1. Hydrostatic balance used for density measurements. 
 
In some cases determination of apparent density was done according to ISO 12985-1. 
These measurements were performed on core drills of 50 mm diameter and 120 mm 
length. The geometry of the observed specimen was measured with a digital calliper and 
its mass was used for apparent density calculation (Eqn. 7). 
1
a
m
V
ρ =        Eqn. 7 
 
Where: 
m1 is the dry mass 
V is the calculated volume 
 
Both methods showed good agreement. 
 
3.7 Specific electrical resistivity 
The specific electrical resistivity is important to determine of the anode quality. The 
specific electrical resistivity provides an indication of the structural condition through 
the current conducting properties of the anode. For example, high porosity and low 
baking level results in increased specific electrical resistivity. Large standard deviations 
may indicate irregularities during the paste production or baking. The presence of 
hairline cracks dramatically increases the specific electrical resistivity.  
 
The specific electrical resistivity is determined by measuring the voltage drop over a 
cylindrical sample at a constant current.  
abU A
L I
⋅ρ = ⋅        Eqn. 8 
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Where: 
D is the specific electrical resistivity 
Uab  is voltage drop over the measured sample 
A is the cross section in m2 
L is the distance between potential contacts in m 
I is the electrical current through the sample 
 
Core samples of 50 mm diameter and length 120 mm were measured 8 times (4 times 
around the sample periphery with 90 ° shifts and then one more measurement when the 
sample was rotated axially). Average resistivity values were obtained from an average 
of 8 measurements. 
 
Fig. 3.7-1. Schematic view of the test arrangement for the determination of the specific 
electrical resistivity [86]. 
 
In the experimental work two parallel measurement methods for the specific electrical 
resistivity (SER) were used, the RDC-150 method and also by the Hydro Aluminium 
method according to ISO 11713. A very good consistency between the two methods 
was observed. 
 
3.8 Air and CO2 reactivities 
The air and CO2 reactivities of the anode samples were determined by 
thermogravimetry using the Hydro Aluminium method which is modification of the ISO 
12989-2 and ISO 12988-2. The apparatus consists of a gold coated fused silica tube 
furnace and sample holder which is connected to the balance. A sketch of the furnace is 
given in Fig. 3.8-1. Carbon samples with length 50 and diameter 20 mm were subjected 
to air and CO2 gas flows at 525 °C (air) or 960 °C (CO2), respectively. In both 
measurements, the samples were preheated for 60 minutes before the reaction gas was 
introduced. The reaction time was 180 minutes. Reactivity is defined as the specific 
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weight loss with regard to the apparent surface area of the sample and time at constant 
reaction rate. 
 
 
Fig. 3.8-1. Reactivity apparatus furnace with sample holder and anode sample 
assembled [61]. 
 
3.9 Cold crushing strength and Young’s modulus  
The crushing strength at ambient temperature is the capacity of a material to withstand 
axially directed compressive forces. When the limit of the compressive strength is 
reached, the materials are crushed. The cold crushing strength (CCS) is also referred to 
as the cold compressive strength and was measured according to ISO 18515.  
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The modulus of elasticity (Young’s modulus) was determined experimentally from the 
slope of the stress-strain curve created during compression. A high Young’s modulus 
means a high slope and therefore represents a material with low elasticity. 
 
table
sample 
(Ø 50 mm x 
120 mm)
compression
measure
Force
ment
 
Fig. 3.9-1. Experimental setup for the measurement of cold crushing strength. 
 
A Young’s modulus within the range 7-9 GPa is favourable in order to avoid brittle 
behaviour, which would lead to thermal shock problems [12]. Usually pressed anodes 
have lower values of Young’s modulus than vibrated anodes [11]. High standard 
deviations can be caused by inhomogeneities in the material such as micro/macrocracks 
and binder matrix content. 
 
3.10 Air permeability 
During baking about 40 % of the pitch matrix volatilizes and open porosity develops. 
The fraction of open transport pores larger than 50 µm determines the anode’s gas 
permeability. High permeability has a great influence on air and CO2 reactivities and 
leads to excess anode consumption [11].  
 
The air permeability of the pilot scale anodes was measured according to ISO 15906 on 
the same samples as the specific electrical resistivity. The permeability is expressed in 
nanoperms (1 nPm = 1 Darcy/9.87). The permeability is calculated from the time it 
takes for a certain volume of air to pass through a cylindrical sample. A material has a 
permeability of 1 nPm when gas with a viscosity of 1·10-4 Poise passes through a 
sample of 1 cm height and 1 cm2 cross section submitted to a pressure difference of 0.1 
bar, at a flow rate of 1 cm3/s. 
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4 RESULTS AND DISCUSSION 
4.1 Porosity of the SSA coke 
Coke grains were sieved into 6 different coke fractions; 11.2-5.6 mm, 5.6-4.0 mm, 4.0-
2.0 mm, 2.0-1.4 mm, 1.4-1.0 mm and 1.0-0.5 mm. These coke fractions were 
impregnated with resin under vacuum, polished and studied under near ultraviolet light 
(wavelength around 400 nm) [74].  
 
Image analysis was found to be a useful tool also for analysing the macroporosity in the 
coke grains. It enables the characterization of coke porosity and pore radius within 
different coke fractions. Based on these findings it is possible to estimate the degree of 
the coke pore impregnation in bench scale anode production. 
 
Fig. 4.1-1 shows pore size distribution curves for 6 different fractions. There is an 
expected increase of porosity with increasing coarseness for fractions above 2.0-4.0 
mm. Fractions up to 2 mm have similar distributions at pore sizes below 80 µm. The 
smallest diameter peak at 40 µm is due to slit-like pores and cracks that evolve during 
the calcination process. For the three coarsest fractions increased porosity above 100 
µm was observed, where a two peak distributions are found. This is due to the presence 
of large round bubble like pores (diameter several hundreds µm) created by gas 
entrapment in the green coke. 
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Fig. 4.1-1. Pore size distribution curves for fractions of SSA coke.  
Fig. 4.1-2 to Fig. 4.1-7 shows overviews of the entire analysed areas for different coke 
size fractions. Just from the visual observation it is possible to observe and compare the 
pore types and their contribution to the total porosity. In finer fractions mostly small 
4.1 Porosity of the SSA coke 
 62
pores (slit like pores) are present that contribute to a major porosity increase at 20 µm 
pore radius. For coarser fractions than 2.0 mm larger round pores appear 
 
 
  
Fig. 4.1-2. Coke fraction 0.5-1.0 mm. 
Magnification 80 x, polarised light. 
 
 
Fig. 4.1-3. Coke fraction 1.0-1.4 mm. 
Magnification 80 x, polarised light. 
 
Fig. 4.1-4. Coke fraction 1.4-2.0 mm. 
Magnification 80 x, polarised light. 
 
 
Fig. 4.1-5. Coke fraction 2.0-4.0 mm. 
Magnification 80 x, polarised light. 
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Fig. 4.1-6. Coke fraction 4.0-5.6 mm. 
Magnification 80 x, polarised light. 
 
Fig. 4.1-7. Coke fraction 5.6-11.2 mm. 
Magnification 80 x, polarised light. 
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4.2 Effect of the heating rate on porosity development - laboratory pilot scale 
anodes from SSA coke 
The influence of the various baking conditions was studied with respect to porosity 
development during baking. A total of 14 pilot scale anodes with identical granulometry 
and 18 % pitch content were produced in the anode laboratory using the sigma blade 
mixer. The aggregate composition was chosen according to a typical industrial recipe 
shown in Table 3.1-I. The medium dust size (63 % < 63 µm) was used. The dry coke 
aggregate was mixed for 7 minutes at 180 °C in the sigma mixer for improved 
homogenization and temperature distribution. Pitch (180 °C) was added and the paste 
was mixed for 20 minutes. Forming was done at 160 °C at 15.6 Hz vibration frequency 
for 3 minutes. Green and baked densities of the samples were measured by ISO 12985-1 
on drilled cores with 50 mm diameter and 50 mm height. 
 
Eight anodes were baked in two parallel series (A and B batch) using four heating rates, 
10, 20, 40 and 60 °C/h up to 550 °C. The temperature 550 °C was chosen after TGA 
examination of the pitch, Fig. 4.2-1. After reaching 550 °C, all samples were heated at 
the same heating rate, 100 °C/h, to the final temperature 1100 °C. The soaking time was 
5 hours. The samples were cooled by turning off the furnace. Table 4.2-I presents 
measured green and baked densities as well as the total porosity values. 
Table 4.2-I.  Density and porosity measurement results for two batches A and B. 
Sample Heating rate
Batch A (°C/h) (g/cm3) stdev (g/cm3) stdev (%) stdev
M4 10 1,661 0,012 1,486 0,012 22,5 0,4
M6 20 1,665 0,008 1,473 0,008 23,2 0,5
M8 40 1,618 0,008 1,427 0,008 25,0 0,3
M10 60 1,636 0,010 1,423 0,007 25,8 0,5
Batch B
M5 10 1,663 0,001 1,489 0,008 25,8 0,6
M4N 20 1,659 0,001 1,454 0,004 24,8 1,2
M1N 40 1,624 0,001 1,422 0,016 26,8 1,0
M2N 60 1,636 0,001 1,412 0,009 27,5 1,1
Green density Baked density Porosity IA 
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Fig. 4.2-1. TGA data for a 5 mg pitch sample. The weight loss curve and the first 
derivative (DTG) of the weight loss curve are shown.  The first derivative of the weight 
loss curve has a minimum at 360 °C, which indicates maximum volatile release. At 585 
°C the pitch has lost more than 98 % of the total amount of volatiles released in the 
entire temperature range up to 1000 °C. At this temperature the critical stages of 
carbonization have come to an end and a semi coke has been formed.  
 
Extra consumption of pitch due to coke crushing during mixing makes the pitch 
unevenly distributed between coke particles and more pores are formed in the anode 
paste during mixing. The clearance between the sigma blades and trough is small to 
eliminate stagnant regions (Fig. 3.2-1). In some cases the overlapping sigma blade may 
prevent a tendency of the material to form a cylinder around the axis of each blade, 
which rotates without any mixing taking place. This is a problem when the aggregate 
contains coarser particles.  
 
There is a slightly decreased baked density with increasing heating rate (Fig. 4.2-2). The 
main reason for such a density decrease would be the increasing volatiles evolution with 
increased heating rate. During baking, when pitch volatilization increases at higher 
heating rates, voids become even larger and cause increasing density reduction and 
porosity increase. 
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Fig. 4.2-2. Green and baked density comparison for batch A and B. 
 
After baking, total porosity values as well as pore size distribution curves were 
determined. In Fig. 4.2-3 and Fig. 4.2-4 pore size distribution curves are compared for 
anodes that were baked at various heating rates. Each curve represents the average 
porosity distribution of four segments from the same pilot scale anode. All samples 
show similar pore size distributions with maximum porosity at pore radius 100 µm. 
 
In both batch A and B (Fig. 4.2-3 and Fig. 4.2-4), the curves show a gradual increase in 
total porosity with increasing heating rate. Batch A shows a porosity development 
within the pore radius ranges 8-30 µm and 30-100 µm. In batch B a similar correlation 
is observed. The pore size distribution is almost the same for all heating rates and peaks 
at 100 µm. With increasing heating rate the amount of 100 µm pores increases.  
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Fig. 4.2-3. Pore size distribution comparison for batch A. 
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Fig. 4.2-4. Pore size distribution comparison for batch B. 
 
Ehrburger [64]  found that the porosity due to pitch volatilization takes place in a rather 
narrow temperature interval when the sample was slowly heated (12 °C/h).  The 
porosity remained unchanged between 200 to 375 °C. Thereafter, a marked increase of 
4.2 Effect of the heating rate on porosity development - laboratory pilot scale anodes from SSA coke 
 68
the porosity (up to 30 %) was found when the maximum volatile release rate 
culminated. In all cases the most frequently occurring pore size was in the range 100 - 
200 µm, which is in good agreement with results observed in this work. This porosity 
increase is related to the development of baking pores.  
 
Chmelar [80] used the same laboratory equipment and the same production procedures 
for pilot scale anode production as in this work. The samples were produced from 
various coke qualities with 15, 18 and 20 % pitch content and three levels of fines (45, 
63 and 94 %, - 63 µm). The results show that the optimal pitch content for SSA coke 
was 18 % pitch and medium fines. However, measured maximum green densities (1.60 
g/cm3) were lower than in this study. The reason for this is different measurement 
methods. Chmelar [80] used the bulk dimensions and mass of the entire pilot scale 
anode for green density calculation, while in this work drilled cores with 50 mm 
diameter and 50 mm height were used. 
 
Belitskus [87] studied the effect of heating rate on pressed pilot scale anode properties. 
Samples were mixed at 140 °C in a sigma blade mixer for 30 minutes. Baking was 
carried out at heating rates of 50, 100 and 200 °C/h.  The optimum pitch content was for 
all aggregate compositions around 17 %. It was found that increasing heating rates over 
the range 200 °C/h significantly degraded the anode properties.  With increasing heating 
rate, baked apparent density and the coke yield from the pitch decreased and the 
electrical resistivity increased [87].  These effects were explained as follows. Pitch 
coking yield was probably reduced because some cokable volatile matter is driven off 
from the anode before it has had sufficient time to convert to coke when the heating rate 
is high. The shrinkage was reduced with increasing heating rate due to increased rate of 
generation of gaseous products, resulting in a more porous binder coke [87]. Both the 
reduced shrinkage and lower coke yield contribute to the reduction in anode density 
with increased heating rate. Increased electrical resistivity would be expected to result 
from decreased density. 
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Fig. 4.2-5. Comparison of total porosity values for batch A and B. 
 
The total porosity values are given from the areas under the distribution curves. In Fig. 
4.2-5 the total porosity values of the A and B batch are compared. Increasing total 
porosity with increasing heating rate is observed. Different green apparent densities 
prior to baking (Fig. 4.2-2) are probably the reason for the deviation between the two 
parallel series.  
4.2.1 Conclusion 
The 8 anodes of identical composition were produced in two parallel batches and baked 
with 4 different heating rates. Correlation between the heating rate and the porosity 
development was found. A general increase of the total porosity with increasing heating 
rate was observed. In addition, all eight samples showed a similar pore distribution. 
Difference between total porosity values for batch A and B were probably due to 
random errors during sample preparation. Decreasing tendency for the baked density 
with increasing heating rate was observed, probably due to increased volatiles 
evolution. 
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4.3 Effect of vacuum vibroforming and vibration time on porosity development - 
samples from industrially prepared paste 
The effect of various vibration conditions on porosity development in industrial paste 
was studied. A set of 20 pilot scale anodes with uniform composition were produced 
using industrial paste (blended coke) produced in the paste plant of Hydro Aluminium 
a.s. Årdal Carbon. The recipe contained 30 % butts. The aggregate was preheated and 
mixed with pitch in a ko-kneader at 174 °C. After cooling in the Eirich mixer to 154 °C 
a paste sample was taken out, transported to the laboratory and remixed in an intensive 
Eirich laboratory mixer (RV 08 W) for 5 minutes at 165 °C. The paste was compacted 
at 165 °C and 50 Hz using four different vibration times; 0.5, 1, 2 and 3 minutes. In 
addition, a parallel set of four 3 minute vibrated samples were produced using a vacuum 
of 4 kPa in the mould. The samples were baked at four different heating rates; 10, 35, 
60 and 80 °C/h with 5 hour soaking time. The densities in the green and baked state as 
well as the open porosity were measured using the hydrostatic immersion method ISO 
12985-2. Also, the specific electrical resistivity and the baking loss were measured.  
The experimental design and the results are shown in Table 4.3-I. 
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Fig. 4.3-1. Green and baked density comparison between samples from industrially 
prepared paste.  
Fig. 4.3-1 compares green and baked densities with respect to vibration time and 
heating rate. There is an indication of optimal vibration time for 2 minute vibrated 
samples. However, there is scatter in green density for vacuum vibroformed samples. 
This was probably due to some irregularities during laboratory processing of paste prior 
to vibration. About 60 kg of paste was mixed in two batches and stored in a heating 
cabinet until they were vibroformed. Then the mixed paste was processed gradually and 
3 kg pilot scale anodes were formed. This delay could cause a change in paste rheology 
that result in different green densities of the formed blocks.  
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Table 4.3-I. Experimental layout and measured data for pilot scale anodes prepared 
from industrial paste taken out from the end of mixing line. 
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There is also an increase in baked density for 3 minutes vibration time when vacuum 
vibroforming is used (Fig. 4.3-1). During vacuum vibration the entrapped gas and light 
binder volatiles are exhausted from the paste which enables strongly reduced pore 
formation. This mechanism is the most probable reason for improved aggregate packing 
and paste densification.   
Fig. 4.3-2 shows a close correlation between the baked density and the specific 
electrical resistivity. The specific electrical resistivity decreases as the baked density of 
pilot scale anodes increases. This has been observed by many authors [36, 45, 50, 52]. 
Increase of the aggregate packing improves the coke grain bridging and influences the 
electrical contacts between particles.  
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Fig. 4.3-2. Correlation between baked density and specific electrical resistivity. 
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Fig. 4.3-3. Specific electrical resistivity and vibration time. 
 
The specific electrical resistivity increases with increasing heating rate (Fig. 4.3-3). The 
highest resistivity values were measured for 80 °C/h baked samples. A probable reason 
for this is the increasing volatiles evolution during baking which causes higher porosity 
development in the binder phase and thus reduces the electrical conductivity.  Although 
there is some data scatter, the effect of vacuum vibroforming is visible. Lower 
resistivity values were measured for the 3 minutes vibrated samples that were formed 
under a vacuum of 4 kPa, compared to those vibrated at 100 kPa (1 atm).  
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Fig. 4.3-4. Pore size distribution for anodes baked at 10 °C/h heating rate. 
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Fig. 4.3-5. Pore size distribution for anodes baked at 35 °C/h heating rate. 
 
In Fig. 4.3-4 to Fig. 4.3-7 pore size distribution curves for anodes baked with various 
heating rates are presented. Similar pore distributions within the 10-20 µm radius range 
are observed for all heating rates. This may indicate coke pores impregnated with pitch. 
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Fig. 4.3-6. Pore size distribution for anodes baked at 60 °C/h heating rate. 
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Fig. 4.3-7. Pore size distribution for anodes baked at 80 °C/h heating rate. 
 
All the samples show the maximum porosity at 40 µm pore radius regardless of the 
applied heating rate. The pitch level probably determines the size and amount of volatile 
(baking) pores. Thus the amount of 40 µm pores decreases as the vibration time 
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increases and the heating rate decreases. The differences in porosity above 40 µm pore 
radius may indicate improved efficiency of paste densification with increasing vibration 
time. This effect is pronounced for samples that were vibroformed for 3 minutes under 4 
kPa vacuum. The use of vacuum during vibroforming significantly reduces the porosity 
in the range 40-200 µm.   
Fig. 4.3-8 shows a comparison of the overall analysed areas of two 50 mm segments. 
Each segment was drilled from 3 minute vibrated samples that were baked at 10 °C/h. 
The a) sample is from a vacuum vibrated anode and sample b) is from an atmospheric 
pressure vibrated sample. A noticeable difference of the pore structure is seen. The 
vacuum vibrated sample has a significantly lower amount of the pores that were formed 
due to gas entrapment at the forming stage. 
 
 
    a) Sample no. 2        b) Sample no. 5 
Fig. 4.3-8. Comparison of the overall analysed areas of two 50 mm segments. Sample 2 
(left) was vibrated for 3 minutes under 4 kPa vacuum. Sample b) was vibrated for 3 
minutes at atmospheric pressure (100 kPa). The scale bar is 2.5 mm. 
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Fig. 4.3-9. Correlation between baked density and total porosity. 
 
There is an expected linear fit between total porosity and baked density for both 3 
minutes and 2 minutes vibration time (Fig. 4.3-9). Anodes vibrated for 2-3 minutes 
show a linear decrease in porosity with increasing baked density. However, there is 
scattered correlation between total porosity and baked density at low vibration times 
(0.5 and 1 minute) that seem to be insufficient for proper paste packing. There is a 
visible reduction of the porosity in the case of 3 minute vacuum vibrated samples. 
 
Increase of the heating rate leads to increase of the total porosity values. Porosity 
increase may be explained by increasing amount of pores due to the escape of volatiles 
as the heating rate increases (Fig. 4.3-10 and Fig. 4.3-11).  
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Fig. 4.3-10. Correlation plot between total 
porosity and heating rate for 3 minute 
vibrated samples. 
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Fig. 4.3-11. Correlation plot between 
baking loss and heating rate for 3 minute 
vibrated samples. 
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Fig. 4.3-12. Bar chart for the effect of 4 kPa vacuum vibroforming on the total porosity. 
Each column represents percentual porosity reduction for 3 minute vibrated samples 
when vacuum in mould was used. 
 
Fig. 4.3-12 demonstrates the total porosity reduction (by %) for 3 minutes vibrated 
samples when lowering the vibration pressure from atmospheric (100 kPa) to vacuum (4 
kPa). Vacuum vibroforming lowers the total porosity, but as the heating rate increases 
this effect is damped. 
 
Fig.4.3-13 and Fig.4.3-14 show baked open porosity and baked density measured on 
whole pilot scale anode versus heating rate and vibration time. A general increase of the 
open porosity with increasing heating rate was found. The lowest open porosities were 
obtained for vacuum vibrated samples. Increasing heating rate caused decreasing baked 
density. Samples baked at 10 °C/h have the lowest open porosity. This may be due to 
lower development of baking pores as well as reduced probability of the expansion 
cracks due to excessive volatile release.  
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Fig.4.3-13. Baked open porosity 
measured by immersion method 
according to ISO 12985-2. 
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Fig.4.3-14. Baked density measured by 
immersion method according to ISO 
12985-2. 
 
Fig. 4.3-15 shows a detail of the bottom surface of the anode after baking at 80 °C/h. 
High heating rate causes excessive evolution of volatile gases and thus creates internal 
pressure within the anode.  When this pressure is released, crack formation may occur. 
The effect of increasing volatile pressure has been described by many authors [22, 44]. 
Boenigk and Wildforster [57] observed that volatile non-carbonizing pitch compounds 
or pyrolysis gases exert inner pressure on the anode which causes the structural changes 
and porosity formation. 
 
  
Fig. 4.3-15. The left image shows the bottom surface of a pilot scale anode baked at 80 
°C/h. Cracks were formed due to excessive release of volatiles through the dense carbon 
body. The right image shows detail of a 50 mm segment drilled from sample 12 that 
was baked with 80 °C/h heating rate.  
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4.3.1 Conclusion 
Paste with uniform composition was formed at different vibration times and mould 
pressure conditions. Formed blocks were baked at different heating rates in order to 
study the influence on porosity development.  
 
A decrease of the baked density was found with increasing heating rate. The reason for 
this was probably higher mass reduction due to increasing volatiles evolution. 
Simultaneously there was observed an increase of the baked densities for 3 minutes 
vibration time when vacuum vibroforming was used. This was mainly because of closer 
aggregate packing due to the release of entrapped gases and light binder volatiles during 
vibroforming. 
 
The specific electrical resistivity is more dependent on heating rate than on vibration 
time.  When high heating rates are used, as in the case of 80 °C/h, excessive volatiles 
evolution can cause an increase of internal pressure in dense anodes. In extreme cases 
this may lead to crack formation (Fig. 4.3-15) that is negatively affecting the specific 
electrical resistivity. Therefore, slow heating rates for dense samples could minimize the 
potential for an anode defects. 
 
For the total porosity, vibration at 4 kPa caused a porosity reduction regardless of the 
heating rate. However, at high heating rate the advantage of the vacuum vibroforming 
was reduced due to increased amount of the volatile (baking) pores. 
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4.4 Effect of mixing time and vibration time - samples from industrially 
prepared paste 
The effect of the varying mixing time and vibration conditions were studied with 
respect to total porosity development and physico-mechanical properties. A set of 21 
pilot scale anodes were produced in the Hydro Aluminium a.s. Årdal Carbon laboratory 
from industrial paste (blended coke) (Table 4.4-I). The aggregate was preheated and 
mixed with pitch in a ko-kneader at 174 °C. Paste was taken out at a different sampling 
point than described in Chapter 4.3, between the ko-kneader and the Eirich mixer. Three 
batches of green paste (each of 40 kg) were transported to the laboratory and mixed in 
an Eirich laboratory mixer (RV 08 W) at 165 °C using three different mixing times: 1, 3 
and 6 minutes. Vibration was performed using a vacuum vibrocompactor (4 kPa) with 
constant vibrating frequency (50 Hz) and the possibility to control the vibration energy 
with a potentiostat by means of the vibration amplitude. From each mix 7 pilot scale 
anodes were produced with three different vibration times: 0.5, 1 and 2 minutes. Using 
normal energy input (POT 4 setting) 3 x 2 parallels were vibrated, plus one additional 2 
minute high energy input (POT 10) sample. All samples were produced using a vacuum 
of 4 kPa. The samples were baked at a common heating rate of 20 °C/h and the soaking 
temperature was 1150 °C. The soaking time was 8 hours. The densities in the green and 
the baked state were measured using the dimensional method ISO 12985-1. In addition 
specific electrical resistivity, baking loss, reactivity against air and CO2, and physical 
properties were measured. The results and experimental design are shown in Table 
4.4-I. 
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Table 4.4-I. Experimental layout and measured data for pilot scale anodes prepared 
from industrial paste taken out from ko-kneader. 
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4.4.1 Green density 
Fig. 4.4-1 and Fig. 4.4-2 show green densities measured for pilot scale anodes. Each 
point, except the high energy input sample (POT10), is the average of two parallel 
replicates. A general increase of green density was found with increasing mixing time 
(Fig. 4.4-1). Increase of mixing time creates a thinner and more continuous pitch film 
over the coke particles that give better packing and decreased aggregate spacing [45]. 
Thus, the lowest densities were measured for samples with 1 minute mixing time. 
However, as a mixing time increases up to 6 minutes, the green densities are nearly the 
same. Therefore, at 6 minutes mixing time the paste demands less vibration time to 
achieve high green densities. This could be due to sufficient mixing time that spreads 
the pitch evenly and the paste is easily compacted to high density. There is a marked 
increase in green densities with mixing time for samples that were vibrated with high 
energy input (POT 10). Increase of vibration energy leads to denser aggregate packing. 
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Fig. 4.4-1. Green density and mixing time. 
 
Fig. 4.4-2 shows increasing average green densities with respect to vibration time. The 
lowest green densities were obtained for samples that were mixed for 1 minute and 
vibrated for 0.5 minutes.  
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Fig. 4.4-2. Green density and vibration time. 
 
Belitskus [45] described effects of mixing time on pilot scale anode quality, for both 
pressed and vibrated samples. It was observed that green and baked densities of the 
pressed anodes increased with increasing mixing time. Most of the density increase 
occurred after 30 minutes of mixing. Vibrated anode properties were optimum with 15 
minute mixing time. Long mixing time was necessary because a sigma blade mixer was 
used. Extended mixing time highly degraded the anode properties. A probable reason 
for this is the increased crushing of the coke by the sigma mixer at extended mixing 
times. In the current experiments the samples were prepared using an intensive mixer.  
4.4.2 Baking loss 
The thickness of the pitch film will determine the amount of volatiles emission during 
baking. Mixing time and vibrating time are parameters that significantly affect the 
quality and continuity of the pitch film. Fig. 4.4-3 shows average baking loss for two 
replicates with respect to mixing and vibration time. The baking loss increases as the 
vibration time increases. The samples with the highest baking loss were those that were 
vibrated for 2 minutes with high energy input (POT10).  
 
Extension of the mixing time will result in the development of a thinner and more 
homogeneous pitch fines phase around the coke particles. The binder matrix coats and 
bonds larger particles and partly penetrates coke pores. When vibration time increases 
or high energy input is used, more pitch-fines phase is expelled radially towards the 
outer surface of the sample. This will cause a pitch gradient in the sample making the 
surface richer in pitch. This can be observed visually after forming of green anodes by 
glossy surface where pitch has been pressed towards surface due to high energy input. 
The difference in surface appearance was observed also by Chmelar [80]. When such a 
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sample is baked the surface distributed pitch is volatilized easily causing higher baking 
loss.  
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Fig. 4.4-3. Baking loss and mixing time. 
4.4.3 Baked Porosity 
Fig. 4.4-4 and Fig. 4.4-5 show average baked total porosity values for two replicates 
with respect to mixing time and vibration time. 
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Fig. 4.4-4. Total porosity of the baked samples and mixing time. 
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With increasing mixing time the baked total porosity decreases. As expected, maximum 
porosity was measured for samples that were mixed for 1 minute and vibrated for 0.5 
minutes. This is due to insufficient mixing and paste compaction. Thus, lots of 
intergranular voids are created in the green state and carried over to the baked state. The 
lowest total porosity was measured for samples mixed for 6 minutes and vibrated with 
high energy input (POT10).  
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Fig. 4.4-5. Total porosity values and vibration time. 
 
In Fig. 4.4-6-Fig. 4.4-8 a comparison of pore size distribution curves is given. Each plot 
compares mean values of two replicates that were mixed for 1, 3 or 6 minutes. Porosity 
for each replicate was determined from four analysed segments. Thus each curve in the 
plot represents mean value of 8 image analysis measurements (2 replicate anodes x 4 
analysed segments from each). 
4.4 Effect of mixing time and vibration time - samples from industrially prepared paste 
 87
Radius (μm)
1 10 100 1000 10000
Po
ro
si
ty
 (%
)
0,0
0,2
0,4
0,6
0,8
1,0
1,2
average 0.5 min vibration, POT 4
average 1 min vibration, POT 4
average 2 min vibration, POT 4
2 min vibration, POT 10
 
Fig. 4.4-6. Comparison of pore size distribution of mean values for 1 minute paste 
mixing time. 
 
Fig. 4.4-6 shows a comparison of distribution curves for anodes that were produced 
from 1 minute mixed paste and vibrated for 0.5-2 minutes. As expected, the porosity 
decreases with increasing vibration time. The largest porosity was measured for samples 
with 30 seconds vibration time and lowest for those were vibrated for 2 minutes. The 
curves show similar pore distributions up to pore radius 100 µm. There are three 
common peaks at 20 µm, 40 µm and 100 µm. This peak distribution is typical for 
calcined coke. The largest diameter peak is probably due to void formation between 
coke grains due to insufficient pitch spreading. Another source for such porosity could 
be large round gas entrapment pores (created during the coke production process) that 
are not fully penetrated with pitch. The smallest diameter peaks may due to slit like 
pores and cracks that evolve during the calcination process. Short mixing time is not 
sufficient for creating the continuous binder film around the coke particles and thus 
coke pores are not completely impregnated with pitch. As the vibration time increases 
to 2 minutes the porosity is reduced. 
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Fig. 4.4-7. Comparison of pore size distribution of mean values for 3 minutes paste 
mixing time. 
 
Fig. 4.4-7 compares distribution curves for anodes produced from a 3 minutes mixed 
batch. The curves up to pore radius 40 µm show the same porosity distribution which 
indicates equal coke pore impregnation regardless of the vibration time. The porosity 
maximum at 40 µm was also observed in Chapter 4.3 (Fig. 4.3-4 to Fig. 4.3-7). This 
porosity was attributed to paste composition (which is also the same here) where the 
typical size of the baking pores was observed. Here the amount of 40 µm pores does not 
vary strongly because a uniform heating rate was used during baking.  Above 40 µm the 
distribution curves vary. As the vibration time increases this porosity is reduced. The 
lowest porosity was measured for samples that were vibrated for 2 minutes with high 
energy input. Anodes with 0.5 minute vibration time have higher porosity above 100 
µm compared to the other. The reason for such porosity reduction with increasing 
vibration time is probably increasing aggregate packing. It is assumed that 3 minute 
mixing time is sufficient to build a continuous coating over the coke particles. 
Additional increase of the vibration time will help to reduce porosity further by means 
of improved paste compactability and degassing. 
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Fig. 4.4-8. Comparison of pore size distribution of mean values for 6 minutes paste 
mixing time. 
 
Fig. 4.4-8 compares mean curves for anodes that were mixed for 6 minutes. Lower 
porosities are measured compared to the shorter mixing times shown in Fig. 4.4-6 and 
Fig. 4.4-7.  The pore distribution curves for 0.5 and 1 minute vibration were almost 
identical. This small difference probably occurs because of improved uniformity and 
homogeneity of the paste when prolonged mixing time is used. The small differences 
between 6 minutes mixed samples with vibration time were also observed for green and 
baked density, SER, YM and CCS.  However, there is a significant porosity reduction 
for 2 minutes high energy vibration. The results may indicate that when increasing the 
mixing time to 6 minutes the paste becomes more homogeneous and less demanding for 
longer vibration times to achieve low porosity. 
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Fig. 4.4-9. Pore size distribution for 
anodes with various mixing times vibrated 
at 0.5 minute. 
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Fig. 4.4-10. Pore size distribution for 
anodes with various mixing times vibrated 
at 1 minute. 
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Fig. 4.4-11. Pore size distribution for 
anodes with various mixing times vibrated 
at 2 minute with POT4 energy input. 
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Fig. 4.4-12. Pore size distribution for 
anodes with various mixing times vibrated 
at 2 minutes with high (POT10) energy 
input. 
 
Fig. 4.4-9 to Fig. 4.4-12 shows distribution curves that compare the effect of mixing 
time. Each plot shows distribution curves for constant vibration conditions. The porosity 
decreases with increasing mixing time for all vibration times. This effect is notable for 
pores of radius above 30 µm. For all samples mixed for 3 minutes, a maximum porosity 
at 40 µm is observed which may refer to baking pores. The evolution of baking pores is 
reduced as the binder phase is spread over the coke particles after extended mixing to 6 
minutes. The increase of mixing time from 1 to 6 minutes significantly reduces the 
amount of pores with radius larger than 100 µm. This observation confirms the 
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assumption that increasing mixing time creates a homogeneous paste with a uniform 
binder film that enables easier reduction of intergranular porosity.  
 
4.4.4 Reactivity measurements 
Reactivity measurements were performed using the Hydro Aluminium method. In 
general poor correlation was found between reactivity data and other physical 
properties.  
4.4.4.1 CO2 and air reactivity 
Fig. 4.4-13 to Fig. 4.4-18 show plots for CO2 and air reactivities. Large scattering of the 
data is observed. In addition the error bars indicate large deviations for two replicates. 
There was also found low correlation between air reactivity and permeability. 
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Fig. 4.4-13. CO2 reactivity and mixing 
time. 
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Fig. 4.4-14. CO2 dust and mixing time. 
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Fig. 4.4-15. Air reactivity and mixing 
time.  
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Fig. 4.4-16. CO2 reactivity and vibration 
time.
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Fig. 4.4-17. CO2 dust and vibration time. 
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Fig. 4.4-18. Air reactivity and vibration 
time. 
 
A possible reason for low correlation between reactivity properties and total porosity 
could be as follows. Air and CO2 reactivity are determined by the ability of these gases 
to penetrate though the open pores and react with the carbon body of the anode. The 
total porosity determines the total amount of pores (open and closed pores together) in 
the sample, while for the reactivity only the open pores and their connection is 
important.  
 
The way the reactivity measurement is designed does not allow the reacting gases to 
pass through the bulk of the sample by the connected pores (Fig. 3.8-1). The gas flows 
over the surface and only the large open pores can be reached. Thus the permeability 
may not correlate well with reactivity results.  
 
Reactivity against CO2 and air may then be more influenced by the presence of the 
catalytic elements as V, Ni, Na or S. 
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4.4.5 Baked density 
Fig. 4.4-19 shows averaged values for two replicates of baked density with respect to 
mixing time. Good correlation with green density was found (Fig. 4.4-1). Increase of the 
mixing time gave denser anodes after baking.  
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Fig. 4.4-19. Baked density and mixing time. 
 
In Fig. 4.4-20 average baked densities are plotted vs. vibration time. Samples vibrated 
for longer time show higher baked densities. Maximum baked density was achieved for 
the samples that were vibrated for 2 minutes with high energy input (POT10). The 
lowest baked density was obtained for samples with the shortest mixing time (1 minute) 
and the shortest vibration time. There is a marked increase of baked density with 
increasing vibration time in the case of 1 minute mixed paste. With increasing mixing 
time homogenisation of the aggregate is improved and thus better packing can be 
achieved during vibration. In the cases of 3 and 6 minutes mixed samples a moderate 
density increase is found as the paste was uniform exhibiting similar compactability 
properties.  
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Fig. 4.4-20. Baked density and vibration time. 
 
It will be shown later that the density in the baked state correlates well also with 
mechanical and electrical properties.  
 
4.4.6 Specific electrical resistivity 
Increase of the mixing time leads to a general decrease of the specific electrical 
resistivity values. Minimum values of SER were measured for samples with 6 minutes 
mixing time (Fig. 4.4-21). Taking into consideration the identical baking process for all 
samples, this can be explained by the interaction between two production steps; mixing 
and forming. Increase of the mixing time affects the amount of the bridging coke. 
Subsequent densification by increasing vibration time causes closer packing that 
enables better electrical contacts between coke grains after baking. This is seen also in 
Fig. 4.4-22 where the 1 minute mixed paste was affected the most by vibration time.  
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Fig. 4.4-21. Specific electrical resistivity and mixing time. 
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Fig. 4.4-22. Specific electrical resistivity and vibration time. 
 
As the mixing time increases the samples become more equal regarding particle coating 
and vibration time will hence not play an important role for further electrical 
conductivity improvement. 
4.4 Effect of mixing time and vibration time - samples from industrially prepared paste 
 96
4.4.7 Mechanical properties 
4.4.7.1 Cold compression strength 
Increase of the mixing time causes increase of the compression strength of the samples. 
The largest increase of CCS with mixing time was observed for 0.5 minute vibrated 
anodes and also in the case of high energy vibrated samples. The lowest strength was 
measured for anodes mixed for one minute and vibrated for 0.5 minutes (Fig. 4.4-23). 
The strength of the samples depends on the proper aggregate distribution which is 
affected by the mixing time. Thus, short mixing and insufficient vibration time are not 
favourable for obtaining mechanically strong anodes. Influence of the baking on the 
compression strength is difficult to define as all the anodes were baked at identical 
heating rate.  
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Fig. 4.4-23. Cold compression strength and mixing time. 
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Fig. 4.4-24. Cold compression strength and vibration time. 
 
4.4.7.2 Young’s modulus 
A similar trend was found for Young’s modulus as for cold compression strength. Fig. 
4.4-25 compares average values of two replicates for Young’s modulus. In general an 
increase of the Young’s modulus was observed when the mixing time increases. For 0.5 
minute compacted samples the largest increase of Young’s modulus is observed when 
the mixing time increased from 1 to 3 minutes. This agrees well with the baked density 
measurements (Fig. 4.4-19) and may probably be attributed to the development of pitch 
film over the coke particles. Anodes that have higher baked densities were those with 
higher Young’s modulus.  
 
In addition there is also good agreement between the total porosity values and Young’s 
modulus. Anodes that were denser and less porous tend to show higher modulus values 
(Fig. 4.4-4).  
 
Fig. 4.4-26 shows the same relation with respect to vibration time. With increasing 
vibration time YM increases most for anodes from the 1 minute mixed batch. Batches 
mixed for 3 and 6 minutes seem not to be significantly affected by vibration time. Coke 
particles are already properly coated with an even pitch film and will form denser, less 
elastic blocks with high YM even at shorter vibration times.  
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Fig. 4.4-25. Young’s modulus and mixing time. 
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Fig. 4.4-26. Young’s modulus and vibration time. 
 
Meier [11] studied the impact of the processing parameters on mechanical properties of 
pilot scale anodes. The same trends for Young’s modulus were observed. The influence 
of mixing time could be correlated to mixing energy (an increase of the torque or the 
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rotation frequency) that was used in Meier’s study. With increasing mixing energy (in 
kWh/t) the elasticity modulus slightly increased. Also, increase of the mixing energy 
improved the flexural strength and the fracture energy. 
4.4.8  Permeability 
The air permeability determines the ability of air to pass through the sample and should 
influence the carbon consumption. Open, connected pores with more than 50 µm in 
diameter influences the air gas permeability [33]. This is the range that shows the 
largest variation in pore size distribution plots shown in Fig. 4.4-6 to Fig. 4.4-8. Thus 
the variations in permeability correlate well with total porosity values. Increase of the 
porosity above 25 µm pore radius is mostly related to presence of baking pores and 
intergranular voids due to production variations. This porosity also affects physical and 
mechanical (YM, CCS, SER) properties of the samples (Chapters 4.4.7.1, 4.4.7.1 and 
4.4.6.). Permeability measurements are shown in Fig. 4.4-27 and Fig. 4.4-28. The 
variations in mixing and forming also influence the permeability. With increasing 
mixing time a moderate decrease of permeability was observed (Fig. 4.4-27). The 
largest decrease of permeability with vibration time was observed for 1 minute mixed 
samples when increasing the vibration from 0.5 to 1 minute (Fig. 4.4-28). The same 
effect was observed in previous measurements of physical properties for pilot scale 
anodes. A correlation between total porosity values and permeability is shown in Fig. 
4.4-29. Samples with high porosity values are those that also exhibit high permeability.  
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Fig. 4.4-27. Permeability and mixing 
time. 
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Fig. 4.4-28. Permeability and vibration 
time. 
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Fig. 4.4-29. Correlation between air permeability and total porosity (measured by 
image analysis). 
4.4 Effect of mixing time and vibration time - samples from industrially prepared paste 
 101 
4.4.9 Conclusion 
Two production variables, mixing time and vibration time, were used and their 
influence on various anode properties was measured. When increasing the mixing and 
vibration time higher densities were achieved. Most marked improvement was achieved 
for 1 minute mixing where further increase of vibration time resulted in improved 
densification. The best results were observed for anodes that were vibrated for 2 
minutes with high energy input. Other mechanical and electrical properties like CCS, 
YM, and SER were in good agreement with baked density. The lowest resistivities were 
measured for anodes with high baked density.  
 
Highest baking loss was measured for anodes that were vibrated for 2 minutes with high 
energy input. Excessive vibration expels pitch binder radially towards sample surface. 
During baking, the surface pitch is volatilized easily causing larger baking loss.   
 
Reduction of total porosity values was observed with increasing of mixing time, 
regardless of vibration time. The reason for this was probably improved aggregate 
homogenization that enables better aggregate packing. Also, with increasing mixing 
time the pitch spreads more uniformly over the coke particles creating an even thin film 
which allows denser aggregate packing. Increase of vibration time caused the largest 
decrease of the total porosity values for short mixing times (1 and 3 minutes mixed 
batches). Reduction of the total porosity value in the case of 6 minutes mixing was not 
so evident. This indicates that properly mixed paste (more continuous binder film) is 
less demanding on the duration of the vibration. 
 
The mechanical properties (CCS and YM) were found to be closely related to the 
densities in the green and baked state and thus also influenced by the mixing and 
vibration conditions. Increase of the mixing time caused improvement of both 
mechanical properties. The same effect was observed for vibration time. The largest 
increase of the CCS and YM was observed for 1 minute mixed samples when increasing 
the vibration time from 0.5 to 1 minute. On the other hand the strength properties for 6 
minutes batch seemed not to be influenced much by increasing vibration time.  
 
There was observed good correlation between porosity and permeability. Samples with 
high porosity values were those that also exhibit high permeability. With increasing 
mixing time a moderate decrease of permeability was observed. The largest decrease of 
the permeability with vibration time was observed for 1 minute mixed samples when 
increasing the vibration from 0.5 to 1 minute. The same effect was observed in previous 
measurements of the physical properties for the pilot scale anodes. 
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4.5 Intensive mixer optimisation - laboratory pilot scale anodes from SSA coke 
In this experimental part pilot scale anodes were produced in the anode laboratory using 
an intensive mixer in order to define its optimum operational conditions. A set of 24 
anodes were produced in order to determine the optimum tip speed and mixing time.  
These parameters were needed before use of the intensive mixer (Eirich RV 02/E) in the 
laboratory. The applied aggregate composition was according to Table 3.1-I and 
medium fines were used (63 % < 63 µm). The pilot scale anodes were produced a using 
pitch content ranging from 14 to 21 %, two mixing times (5 and 10 minutes) and three 
tip speeds (10, 12 and 14 m/s) as presented in Table 4.5-I.  
 
Table 4.5-I. Experimental layout of pilot scale anodes produced in preliminary tests of 
the intensive mixer. 
Sample  Pitch content Tip speed Mixing time Green density Open porosity
(%) (m/s) (min) kg/m3 (%)
E14/10/5 14,2 10 5 1,541 10,5
E16.5/10/5 16,7 10 5 1,634 2,5
E19/10/5 18,9 10 5 1,669 0,5
E21/10/5 21,2 10 5 1,665 0,2
E14/14/5 14,4 14 5 1,570 8,9
E16.5/14/5 16,7 14 5 1,681 1,3
E19/14/5 19,3 14 5 1,683 0,3
E21/14/5 21,2 14 5 1,677 0,3
E14/10/10 14,2 10 10 1,584 7,1
E16.5/10/10 16,5 10 10 1,655 1,9
E19/10/10 19,1 10 10 1,683 0,4
E21/10/10 21,3 10 10 1,676 0,2
E14/14/10 14,1 14 10 1,606 7,1
E16.5/14/10 16,6 14 10 1,691 1,2
E19/14/10 19,3 14 10 1,692 0,4
E21/14/10 19,9 14 10 1,684 0,2
E14/12/10 14,4 12 10 1,634 3,8
E16.5/12/10 16,6 12 10 1,676 1,1
E19/12/10 19,2 12 10 1,683 0,3
E21/12/10 21,1 12 10 1,670 0,2
E14/12/5 14,2 12 5 1,605 5,1
E16.5/12/5 17,0 12 5 1,673 1,2
E19/12/5 19,3 12 5 1,673 0,4
E21/12/5 21,1 12 5 1,670 0,3  
 
The dry aggregate was pre-mixed at 1.8 m/s rotor tip speed at 180 °C before pitch 
addition in order to achieve equal starting mixing temperatures. Pitch with temperature 
190 °C was added according to the recipe and the paste was mixed with the assigned 
rotor tip speeds for 5 or 10 minutes. The green paste was formed using the vibration 
compactor for 3 minutes at 15.6 Hz vibration frequency. Green density and open 
porosity were measured using the hydrostatic method (ISO 12985-2). Optimum tip 
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speed as well as mixing time was determined as those giving the highest values of the 
green density and the lowest open porosity values.  
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Fig. 4.5-1. Open porosity and pitch content. 
 
In Fig. 4.5-1 open porosity values are compared with respect to pitch content, mixing 
time and tip speed. There is a general decrease of the open porosity with increasing 
pitch content. Increase of the mixing time from 5 to 10 minutes caused reduction of the 
porosity primarily for 14 % pitch samples. The lowest open porosity of all 14 % pitch 
anodes was achieved when 12 m/s rotor tip speed was used. 
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Fig. 4.5-2. Green density and tip speed. 
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Fig. 4.5-2 shows the variation of the green density with increasing pitch content. The 
highest green densities were measured for samples with 19 % pitch and 10 minutes 
mixing time. There is also an increase in green density as the rotor tip speed increases 
from 10 to 12 m/s. Further increase to 14 m/s caused decrease in green density 
regardless the mixing times for 14 % pitch samples. This may indicate an optimum tip 
speed of 12 m/s.  
 
The three dimensional plots in Fig. 4.5-3 and Fig. 4.5-4 show comparison of all 
parameters in one plot. There is a general increase of green density and a decrease of 
open porosity as the mixing time is increased from 5 to 10 minutes. In addition an 
optimum tip speed of 12 m/s is indicated for 14 % pitch samples. Based on this, 12 m/s 
rotor tip speed was taken as the optimum for further pilot scale anode production. 
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Fig. 4.5-3. 3D plot for green density measured by ISO 12985-2. 
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Fig. 4.5-4. 3D plot for open porosity measured by ISO 12985-2.
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4.6 Effect of variation in production methods on porosity development - 
laboratory pilot scale anodes from SSA coke 
In total 24 pilot-scale anodes were prepared from a single source petroleum coke using a 
typical industrial recipe. Pitch content, aggregate size distribution, mixing time, mixing 
techniques, and heating rate up to 550 °C were varied. The half fractional 5-factorial 
design that was used is presented in Table 4.6-I. The vibration time was not varied as 
that was found earlier to have low effect except for unrealistically short mixing time. 
 
Table 4.6-I. Variables and levels of half fractional 5-factorial design. 
Factors Low Medium High 
Fines (% < 63 µm) 45 63 94 
Pitch content (%) 14 16.5 19 
Eirich mixer (min) 5 7.5 10 
Sigma mixer (min) 10 15 20 
Heating rate (°C/h) 10 35 60 
 
Half of the pilot scale anodes were produced using a sigma mixer and the other half was 
mixed in an intensive mixer (Eirich RV 02/E) with constant tip speed 12 m/s. The 
preheated aggregate for sigma mixed anodes was pre-mixed at 180 °C for about 5 
minutes before pitch addition to obtain a uniform coke temperature and better statistical 
distribution of the aggregate. Pitch with temperature 190 °C was added and the paste 
was mixed for 10, 15 or 20 minutes. The green paste was formed on the vibration table 
for 3 minutes at 15.6 Hz vibration frequency to 160 mm diameter and 145 mm height 
blocks. The same procedure was used for manufacturing intensively mixed samples. 
The aggregate was preheated at 1.8 m/s rotor tip speed until 180 °C. Pitch with 
temperature 190 °C was added and the paste was mixed at 12 m/s tip speed for 5, 7.5 or 
10 minutes. The green paste was processed in the same way as for the sigma mixed 
anodes. 
 
Green densities of the anodes were determined according to ISO 12985-2. All anodes 
were baked under a coke bed in an electric oven. Three heating rates, 10, 35 and 60 
°C/h were used up to 550 °C. Above 550 °C, all samples were heated with same heating 
rate, 100 °C/h, to the final temperature 1100 °C. The soaking time was 5 hours and the 
anodes were cooled by turning off the oven. Baked densities were measured in the same 
way as for the green anodes. The complete experimental layout and measured data are 
shown in Table 4.6-II. 
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Table 4.6-II. Experimental layout and measured data for laboratory prepared pilot scale 
anodes from SSA coke. 
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The experimental data were analyzed using the statistical software MINITAB™ [88]. 
Factorial design allows for the simultaneous study of the effects that several factors may 
have on the process. When performing an experiment, varying the levels of the factors 
simultaneously rather than one at a time is efficient in terms of time and cost, and also 
allows for the study of interactions between the factors. Without the use of factorial 
experiments, important interactions may remain undetected. In our case a half fractional 
factorial design was used in factor screening as they reduce the number of runs to a 
manageable size.  
 
Results are presented in Pareto charts to compare the relative magnitude and the 
statistical significance of both main and interaction effects. MINITAB™ plots the 
effects in decreasing order of the absolute value of the standardized effects and draws a 
reference line on the chart. Any effect that extends past this reference line is significant. 
 
4.6.1 Characterization of green anodes by image analysis 
The image analysis of the green anodes presented in Table 4.6-II was carried out in 
order to characterise the differences due to composition and variations in manufacturing 
conditions. The common procedure [89] as described in Chapter 1.6.2 was used. The 
influence of mixer type, mixing time and fines in the green state were studied with 
regards to the green porosity and pitch thickness film around the coke particles. Detailed 
production parameters of the selected samples are shown in Table 4.6-II.  
 
The Fig. 4.6-2 shows the pitch distribution curves for 14, 16.5 and 19 % pitch contents. 
Each curve represents the pitch distribution of one green segment drilled from the centre 
of a pilot scale anode. In general there was observed an increase of the pitch thickness 
film with increasing pitch content. Fig. 4.6-1 a) shows a pitch distribution plot for 14 % 
pitch anodes. The position of the maximum peak of the pitch thickness indicates that 
thinner film is developed when the intensive mixing technique is used. With increasing 
fineness of the dust fraction the pitch thickness layers become thinner. These results 
correlate well with measurements done by Rørvik et al. [89].  
 
Fig. 4.6-2 b) compares samples with 16.5 % pitch content produced in the intensive and 
the sigma mixer. The samples had the same composition and granulometry of the dust 
fraction. For intensive mixing reduced pitch layer thickness was found compared with 
sigma mixing. This observation supports the theory that during intensive mixing there is 
a uniform spread of the pitch over the coke particles which results in a thinner and more 
continuous binder film. Slow sigma mixing results in a thicker binder film. 
 
Fig. 4.6-2 c) compares pitch distribution curves for 19 % pitch content samples. A 
similar situation as in the case of 14 % pitch content was observed. The intensive 
mixing technique induced development of the thinner pitch layer.  The pitch distribution 
curves show that for coarse fines the thickness of the pitch layers is greater.
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a) 14 % pitch content 
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b) 16.5 % pitch content 
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c) 19 % pitch content 
Radius (μm)
1 10
A
m
ou
nt
 (%
)
0
1
2
3
4 C11 Eirich, 10 min, high fines
C24 Eirich, 5 min, high fines
C5 Eirich, 10 min, low fines
C12 Eirich, 5 min, low fines
C16 Sigma, 20 min, low fines
C2 Sigma, 20 min, high fines
C13 Sigma, 10 min, high fines
C6 Sigma, 10 min, low fines
Eirich high fines
Sigma low fines
 
 
Fig. 4.6-2. Pitch thickness distribution. 
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In Chapter 4.6.5  (Fig. 4.6-18 to Fig. 4.6-23) the pore size distribution curves for the 
baked samples was presented. The largest difference was observed for 14 % pitch 
samples. Fig. 4.6-3 shows the porosity distribution curves for the same samples in the 
green state. As in baked state, there is a marked increase in process porosity (above 200 
µm pore radius) for the sigma mixed samples. This porosity was present already in the 
green state and is due to void formation due to poor mixing. Fig. 4.6-4 shows images of 
two analysed areas of the samples prepared with different mixing techniques. Visual 
inspection of both images reveals the presence of large pores in the case of sigma mixed 
samples. These pores were created due to incomplete compaction of the green paste and 
gas entrapment during mixing. 
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Fig. 4.6-3. Pore size distribution for green samples with 14 % pitch content. 
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a) Sample C4, 14 % pitch content, 10 
minutes sigma mixing, high fines. 
b) Sample C17, 14 % pitch content, 10 
minutes intensive mixing, high fines. 
Fig. 4.6-4. Overview of the green porosity for two analysed areas. In the case of sigma 
mixing (left) there are large voids in the intergranular space caused by poor mixing. 
Intensive mixing (right) has much lower porosity. Magnification 160 x. 
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4.6.2 Green density 
There are three statistically significant effects influencing green density as seen from the 
Pareto chart in Fig. 4.6-5. Two main effects, pitch content (E) and mixer type (C), and 
one interaction effect, pitch content by mixer type (CE). The effect of pitch content is 
the largest. The effect of the mixing time (D) is considered statistically insignificant. 
The reason for his is individual setting of mixing times for each of the mixers. 
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Fig. 4.6-5. Pareto chart of the standardized effects for green density. 
 
The overall data are shown in Fig. 4.6-6. Intensive mixing gives higher green densities 
for anodes with the same pitch content compared to those mixed in the sigma blade 
mixer. The reason is probably due to better statistical distribution of grain sizes 
throughout the paste for intensive mixing. Also, sigma mixing may have lower 
possibility of filling and impregnating intergranular voids due to lower dynamic 
pressure gradients imposed by the mixer.   
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Fig. 4.6-6. Comparison of green density for intensive and sigma mixing. 
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Fig. 4.6-7. Effect of mixing time for intensive and sigma mixing. 
 
Fig. 4.6-7 compares mixing times for both mixing techniques. It shows that intensive 
mixing is more efficient and results in higher green densities at shorter mixing times but 
sigma mixer attains the same high density for 19 % pitch and 20 minutes mixing time. 
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4.6.3 Baked density 
Fig. 4.6-8 shows the Pareto plot of the standardized effects for baked density and 
compares relative magnitudes and statistical significance of both main and interaction 
effects. There are nine statistically significant effects influencing the baked density. 
These include all the main effects: mixer type, heating rate, mixing time, fines and pitch 
content. Factor C, mixer type, has the largest effect on the baked density. The second 
largest effect is the interaction mixer type by pitch content (CE). The third in relative 
magnitude is the effect of the heating rate (A). Other effects have approximately the 
same influence on the baked density, but much lower in relative magnitude. These 
results are logical as the mixer type and pitch content strongly influences density in the 
green state. The amount of pitch volatiles and thus the mass and density reduction of the 
sample depend on the heating rate during baking. The faster heating, the more volatiles 
are released and the lower baked density is obtained. 
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Fig. 4.6-8. Pareto chart of the standardized effects on baked density. 
 
Another graphical display for result interpretation is the interaction plot. The interaction 
plot helps to assess the two-factor interactions in a design. An interaction is present 
when the effect of one factor depends on a second factor. Evaluating the alignment of 
the lines determines if there is an interaction. The greater the lines depart from being 
parallel, the greater the degree of interaction. If the lines are parallel, there is no 
interaction. 
 
The interaction plot in Fig. 4.6-9 indicates a decrease of baked density with increasing 
heating rate for both mixers. The effect of the heating rate on the baked density seems to 
be independent of the mixer type. A strong interaction between mixer type and pitch 
content is demonstrated. The overall data are shown in Fig. 4.6-10. Intensive mixing 
results in higher baked density for samples with 14 % pitch content compared to the 
sigma mixer. The reason is probably again due to better statistical distribution of the 
aggregate and better pitch impregnation in coke particles during the intensive mixing. 
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Fig. 4.6-9. Interaction plot for baked density. 
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Fig. 4.6-10. Baked apparent density-effect of pitch content and mixer type. 
 
The finest particles (dust fraction) in the sigma mixer settle at the bottom of the mixer 
and are not homogeneously distributed through the paste. Aggregate mixed in the 
intensive mixer has better statistical distribution of pitch and fines forming a continuous 
binder film over the coke particles (Fig.4.6-11 a, b). This may result in a more coherent 
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paste that will maintain the higher density after baking. There is presence of the larger 
pores for sigma mixed samples in green state (outlined with white colour). 
 
 
a) Sample C13, 10 min. Sigma mixing, 
19 % pitch, high fines, green density 
1.646 g/cm3 
 
b) Sample C11, 10 min. Intensive mixing, 
19 % pitch, high fines, green density 
1.685 g/cm3 
Fig.4.6-11. Overview of the green samples mixed with Sigma and intensive mixer. 
Magnification 160 x, polarized light. 
 
4.6.4 Specific electrical resistivity 
Fig. 4.6-12 shows the Pareto plot for the specific electrical resistivity. There are two 
statistically significant factors. One main effect is the mixer type (C) and there is an 
interaction effect mixer type by pitch content (CE). Other factors have no significant 
effect on the specific electrical resistivity.  
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Fig. 4.6-12. Pareto chart of standardized effects on specific electrical resistivity. 
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Fig. 4.6-13. Interaction plot for specific electrical resistivity. 
 
Fig. 4.6-13 demonstrates that the largest interaction is between the pitch content and the 
mixer type. However, a weak interaction between mixer type and mixing time is 
observed. Increasing mixing time from 10 to 20 minutes for the sigma mixer will cause 
a reduction in resistivity while for the intensive mixer the effect of time is not so strong. 
The complete data set for the main effects is shown in Fig. 4.6-14.  
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Fig. 4.6-14. Effect of pitch content and mixer type on specific electrical resistivity. 
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The specific electrical resistivity decreases with increasing pitch content for sigma 
mixing, while intensive mixing shows a moderate increase. Resistivities of the samples 
with 14 % pitch deviate strongly. The reason for this is the mixing technique combined 
with the low pitch content. In the sigma mixer crushing of particles occurs and new 
surface is created that has to be coated with pitch. Sigma mixing is slow and less 
intensive and the paste has more homogeneity defects. Thus less pitch ends in the 
intergranular space to create continuous binder coke around coke particles to ensure 
good electrical contacts. With increasing pitch content this effect is reduced as the 
amount of pitch in the intergranular space increases (Fig. 4.6-25, Fig. 4.6-26 and Fig. 
4.6-27). The standard deviation of the resistivity values reflects the homogeneity and 
consistency of the paste. For sigma mixed samples there is an indication that the 
specific electrical resistivity passes through the minimum at 16.5 % of pitch. Similar 
behaviour of the pilot scale anodes was observed by several studies [36, 51, 90]. 
 
The opposite situation is observed for samples with 14 % pitch content mixed in the 
intensive mixer. These show the lowest values for the specific electrical resistivity of all 
anodes. The reason is even pitch distribution and thus better electrical contact between 
filler particles. There is also good correlation between baked densities (Fig. 4.6-10) and 
the specific electrical resistivity in Fig. 4.6-14. Samples with 14 % pitch mixed in the 
sigma mixer show the lowest baked densities and thus the highest resistivities.  
 
4.6.5 Baked Porosity 
There are four statistically significant factors for the total porosity. Three main effects: 
mixer type (C), pitch content (E) and heating rate (A). In addition there is one 
interaction effect between pitch content and mixer type (CE). 
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Fig. 4.6-15. Pareto chart of standardized effects on total porosity. 
 
It is possible to estimate the interaction between two factors in Fig. 4.6-16. The 
strongest interaction is observed between mixer type and pitch content (CE). It is 
expected after previous results (Fig. 4.6-9) that mixer type and pitch content will 
influence the porosity as well. There is a larger porosity reduction for the intensive 
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mixer when lowering the pitch content to 14 % compared to the sigma mixer. 
Intensively mixed samples were also those with the highest baked densities and lowest 
specific electrical resistivities. Voids between aggregate particles and sample porosity 
depend strongly on pitch content and the process steps during paste production. Thus 
mixing plays the most important role in aggregate packing and void filling. The effect 
of the heating rate is also observed from the interaction plot in Fig. 4.6-16. Increase of 
the heating rate will cause an increase in porosity regardless of mixer type.  
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Fig. 4.6-16. Interaction plot for total porosity. 
 
Fig. 4.6-17 compares the average total porosity values for samples from both mixers. 
Each column represents the average of four porosity values for pilot scale anodes with 
the same pitch content. The magnitudes of the standard deviation error bars reflect paste 
homogeneity and consistency with respect to mixer type. Sigma mixing results in more 
porous anodes compared to the intensive mixing. There may be several reasons for this. 
The intensive mixer provides more efficient mixing that result in denser and less porous 
samples. The second reason could be the higher shear rate of the sigma mixer that was 
observed also in Chapter 4.2. The coke particles are crushed more extensively during 
mixing of dry (14 % pitch) paste. As the pitch content increases in sigma mixed 
samples, more pitch is available to supply the binder demand due to crushing. In case of 
intensive mixing increase of porosity with increasing pitch content is related mostly to 
the volatile pore evolution. This fact is also indicated in Fig. 4.6-16 where samples 
baked with high heating rate tend to show higher porosity values.  
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Fig. 4.6-17. Effect of pitch content and mixer type on total porosity. 
 
Fig. 4.6-18 to Fig. 4.6-23 show pore size distribution curves for paste from the sigma 
and intensive mixer. Each curve represents the average porosity distribution of four 
segments analysed for one pilot scale anode.  In the case of 14 % pitch sigma mixed 
samples porosity development is strongly affected by mixing time, as shown for 
samples mixed for 10 and 20 minutes (Fig. 4.6-18). With increasing mixing time more 
coke grains are crushed and thus the dry aggregate composition deviates strongly from 
target which results in void formation.  Fig. 4.6-21 illustrates porosity distribution of the 
14 % pitch anodes mixed by the intensive mixer. Compared to sigma there is a 
significant reduction of the porosity above 100 µm which probably refers to minimised 
presence of voids due to mixing pores. As the pitch content increases to 16.5 % and 19 
% for both mixers, the porosity distribution is more influenced by contribution of 
volatile pores (pores of 100 µm radius that are created in the binder during pitch 
carbonization). Thus, a heating rate from 10 to 60 °C/h will cause increase of porosity 
for 19 % pitch samples (Fig. 4.6-20 and Fig. 4.6-23). This is clearer for intensive mixed 
samples, where the degree of particle crushing is far less. 
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Fig. 4.6-18. Sigma mixer 14 % pitch content. The effect of mixing time. 
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Fig. 4.6-19. Sigma mixer 16.5 % pitch content. Parallel samples with uniform 
composition (centre points). 
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Fig. 4.6-20. Sigma mixer 19 % pitch content. The effect of heating rate. 
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Fig. 4.6-21. Intensive mixer 14 % pitch content. Effect of heating rate. 
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Fig. 4.6-22. Intensive mixer 16.5 % pitch content. Parallel samples with uniform 
composition (centre points). 
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Fig. 4.6-23. Intensive mixer 19 % pitch content. Effect of heating rate. 
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Fig. 4.6-24 shows a summary comparison of average pore size distribution curves. Each 
curve represents the average pore distribution of four anodes with the same pitch 
content. As shown before, there is a significant difference for the samples with 14 % 
pitch content. Sigma mixing shows a peak around 300 µm. This indicates the presence 
of large pores that are caused mostly by aggregate crushing and void formation in a 
poorly mixed paste. Intensive mixing with 14 % pitch showed the lowest porosity of all 
samples. For 16.5 % pitch content samples mixed in the sigma mixer have higher 
amounts of pores from 10 up to 50 µm compared to those mixed in the intensive mixer. 
This is observed also for the 19 % pitch samples. The reason for this is probably better 
impregnation of coke pores within this size interval caused by high speed intensive 
mixing. With increasing pitch content the distribution curves tend to be more similar in 
shape. A peak distribution with porosity maximum at 100 µm pore radius becomes 
dominant with increasing pitch content. This may be due to excessive development of 
pitch volatile pores due to over-pitched anodes.  
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Fig. 4.6-24. Pore size distribution curves for samples with same pitch content. 
 
Another set of plots was constructed for better comparison. Pores are grouped into four 
size intervals, (8-30 µm, 30-100 µm, 100-300 µm and 300-10000 µm) as indicated in 
Fig. 4.6-24. In Fig. 4.6-25 to Fig. 4.6-27 a comparison of pore size intervals for both 
mixing techniques with constant pitch content is shown. Each set of four columns 
represents averaged porosity values for four anodes divided into pore size intervals. Fig. 
4.6-25 shows the pore size range comparison for totally eight anodes with 14 % pitch 
for both mixing techniques. There is an increasing porosity above 100 µm for sigma 
mixed samples, while other porosity intervals do not show significant difference. In 
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addition, for illustration there is an image of the analysed area for randomly picked 
segment. 
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a) Sigma mixing            b) Eirich mixing 
Fig. 4.6-25. Pore size range comparison for samples with 14 % pitch content. The effect 
of mixing techniques on porosity development, scale bar 2.5 mm. 
 
Fig. 4.6-26 compares average pore size ranges for the medium pitch level, 16.5 %. 
Anodes mixed in the intensive mixer indicate a lower amount of small pores and also a 
lower portion of the largest pores. The lowering of porosity within the interval 8-30 µm 
may be caused by better pitch penetration into coke particles during intensive mixing. 
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a) Sigma mixing       b) Eirich mixing 
Fig. 4.6-26. Pore size range comparison of the samples with 16.5 % pitch. The effect of 
mixing techniques on porosity development, scale bar 2.5 mm. 
 
At 19 % pitch content differences between the mixer types are reduced. However, for 
the intensive mixer lowering of porosity between 8-30 µm and 30-100 µm (Fig. 4.6-27) 
is still maintained. This may be due to better pitch impregnation of the coke particles. 
An interesting observation is that the intensive mixer shows a higher porosity within the 
100-300 µm range. This may indicate over-pitching of the anodes. An increased amount 
of pitch will cause more pitch to end up in the intergranular space. When such an anode 
is baked the amount of binder pores within a certain radius (around 100 µm) will 
increase. This effect is more probable when a high intensity and less degradable mixing 
technique is used. Another reason could be void formation due to gas entrapment. In 
sigma mixing this effect may be dampened by the creation of new surface area that has 
to be coated with pitch due to crushing of the aggregate.  
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a) Sigma mixing       b) Eirich mixing 
Fig. 4.6-27. Pore size range comparison of the samples with 19 % pitch content. The 
effect of mixing techniques on porosity development, scale bar 2.5 mm. 
 
4.6.6 Permeability 
Fig. 4.6-28 shows a Pareto plot of the standardized effects on permeability. There are 
six statistically significant effects. Strongest influence is seen for the interaction mixer 
type by pitch content (CE) and mixer type (C). Next, there is also strong interaction 
between heating rate and pitch content. An explanation for this could be that the amount 
of pitch combined with heating the rate is responsible for porosity contribution from the 
baking pores.  
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Fig. 4.6-28. Pareto chart of standardized effects on permeability. 
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Fig. 4.6-29. Interaction plot for permeability. 
 
The interaction plot for permeability is shown in Fig. 4.6-29. The most significant 
interaction, mixer type by pitch content (CE), indicates opposite results for the two 
mixer types. Fig. 4.6-30 shows the complete data set for permeability. Permeability for 
the sigma mixed samples passes through a minimum as the pitch content increases from 
14 to 19 %. Optimum pitch content has been investigated by several authors [51, 91, 
92]. This correlates well with the porosity distribution curves. Sigma mixed samples 
with 14 % had high porosity due to poor mixing. The medium pitch content (16.5 %) 
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seems to be optimal, and the crushing is compensated by the higher amount of pitch. 
Another reason for optimum permeability at this composition could be the medium 
fines fraction used in the production. Intensively mixed samples show increasing 
permeability as the pitch content increases from 14 % to 19 %. This increase of 
permeability is probably due to excessive development of pitch volatile pores due to 
over-pitched anodes. This finding also correlates well with the total porosity values in 
Fig. 4.6-17. The permeability increase is larger with increasing pitch content when the 
heating rate 60 °C/h was used compared to slow baking at 10 °C/h (AE, heating rate - 
pitch content interaction, Fig. 4.6-29). In the case of 10 °C/h heating rate, baking is slow 
and enables gradual volatile degassing of the sample without excessive development of 
baking pores and larger cracks. At a fast heating rate and dense anodes high internal 
pressure is built within the sample due to binder volatilisation. This pressure is released 
by escaping gases creating a porous system that is “frozen” during the following pitch 
solidification [57]. There is also a good correlation to the specific electrical resistivity, 
where similar trends were observed Fig. 4.6-14. 
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Fig. 4.6-30. Permeability. Effect of pitch content and mixer type. 
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4.6.7 Reactivity measurements 
4.6.7.1 CO2 reactivity 
For the CO2 reactivity there are two statistically significant effects, interaction heating 
rate by mixing time (AD) and main effect mixing time (D), Fig. 4.6-31.  The relation 
between mixing time and the CO2 reactivity with respect to mixer type is shown in Fig. 
4.6-32. 
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Fig. 4.6-31. Pareto chart of the standardized effects for CO2 reactivity. 
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Fig. 4.6-32.  CO2 reactivity against mixing time. 
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Surprisingly there are lower values of CO2 reactivities for sigma mixed samples 
compared to those mixed with the intensive mixer. The reason for this is uncertain and 
could be caused by wide scatter of the measured data. A similar situation was observed 
in Chapter 4.4.4 where no correlation could be found. 
4.6.7.2 Air reactivity 
From Fig. 4.6-33 we see that no statistically significant effects on air reactivity are 
found.  
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Fig. 4.6-33. Pareto chart of the standardized effects for air reactivity. 
 
4.6.8 Mechanical properties 
4.6.8.1 Cold compression strength (CCS) 
There are two significant effects, mixer type (C) and interaction mixer type by pitch 
content (CE) (Fig. 4.6-34). The previous results show that the mixer type plays an 
important role for physico mechanical properties. Fig. 4.6-35 shows the interaction of 
pitch content and mixer type on the CCS. There are opposite trends with respect to the 
mixer types. In case of intensive mixing there is a reduction of the CCS for 16.5 % pitch 
content while sigma mixed samples reaches maximum values. Sigma mixed 14 % pitch 
samples were weakest in the compressive test. The reason for this is poor mixing that 
results in inhomogeneous pitch distribution and weak particle bonding. This was 
indicated also by increased porosity in the interval above 100 µm which probably 
causes lower strength of the samples. 
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Fig. 4.6-34. Pareto chart of the standardized effects for cold compression strength. 
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Fig. 4.6-35. Cold compression strength. The effect of pitch content and mixer type. 
 
In the study of Brown and Rhedey [93] it was found that the properties of prebaked 
anodes are significantly influenced by the binder content, forming method, and baking 
temperature. As the binder content increased to the optimum, the cold compression 
strength and Young's modulus increased, and the electrical resistivity decreased.  
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4.6.8.2 Young’s modulus (YM) 
The Pareto plot in Fig. 4.6-36 shows that two main effects, mixer type (C) and pitch 
content (E), and their interaction (CE), have statistical significance on Young’s 
modulus. This result seems quite logical as the amount of binder coke that determines 
the resulting mechanical properties may also affect the elasticity of the anode. In 
addition, the mixer type is also important as it determines a consistent and 
homogeneous distribution of binder pitch.  
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Fig. 4.6-36. Pareto chart of the standardized effects for Young’s Modulus. 
 
In Fig. 4.6-37 the statistically significant interaction pitch content by mixer type (CE) is 
shown. In general there are higher values for Young’s modulus for intensively mixed 
anodes. There are uniform values of YM across the studied pitch range. Samples with 
14 % pitch that were mixed in the sigma mixer show a significant decrease of YM. This 
correlates well with other measured properties like total porosity, baked density and 
specific electrical resistivity. With increasing porosity samples contain more voids and 
pores that may increase the elasticity of tested anode specimen. Simultaneously the 
baked density decreases in the case of 14 % pitch sigma mixed samples.  
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Fig. 4.6-37. Young’s modulus. The effect of pitch content and mixing type. 
 
4.6.9 Classification of pores in baked anodes 
The baked samples produced in the experimental design given in Table 4.6-II were 
studied using a pore classification method [76]. For pore classification the central 
segments from the pilot scale anodes baked with 10 °C/h were picked. For medium 
pitch content (16.5 %, baked with 35 °C/h) only one segment for each mixing technique 
was chosen. Pore size distribution curves of specified classes of pores for different 
compositions are shown in Fig. 4.6-38 to Fig. 4.6-40.  
 
For 14 % pitch content and sigma mixing increased porosity was observed for process 
pores (Fig. 4.6-38a). High amounts of process pores above 300 µm indicate void 
formation due to poor mixing. In addition there is an increase of porosity due to 
increasing mixing time from 10 to 20 minutes which may refer to increased crushing 
with mixing time. This process porosity for 14 % pitch sigma mixed samples was 
already observed in the green state (Chapter 4.6.1 in Fig. 4.6-3). For the intensively 
mixed samples the process porosity is far less. There is a slight porosity reduction with 
increasing mixing time for intensively mixed samples. 
 
In Fig. 4.6-39 the samples with 16.5 % pitch are compared. Reduced amount of process 
pores is observed for intensively mixed samples (Fig. 4.6-39 a). The typical peak at 100 
µm pore radius in the case of intensive mixing indicates the increased contribution of 
the baking pores to the process porosity. 
 
Fig. 4.6-40 a) shows process porosity for 19 % pitch samples. The curves show similar 
distribution of pores with a maximum at 100 µm pore radius. The reason for this is the 
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same as in the case of 16.5 % pitch samples. Samples with 19 % pitch have fewer voids 
even though the mixing is poor. Thus the largest process porosity development is due to 
an increased amount of baking pores.  
 
The porosity in the coke filler represented by the elongated and elliptic pores has in 
general minor contribution to the total porosity compared to the process pores. This is 
expected as most of the coke pores are penetrated by the pitch during the mixing stage. 
However, some variations that indicate improved particle penetration for intensive 
mixing are observed. Fig. 4.6-38 b) shows lower porosity for 14 % pitch sigma mixed 
samples due to elongated coke pores with 10 - 60 µm pore radius. The reason for this is 
unknown.  Next, in Fig. 4.6-39 b, c) and Fig. 4.6-40 b, c) the intensive mixing exhibits 
improved filling of the elongated and elliptic pores within the 10 - 60 µm range 
compared to the slow and more degradable sigma mixing. 
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b) elongated pores 
 
Radius (μm)
1 10 100 1000 10000
Po
ro
si
ty
 (%
)
0,00
0,05
0,10
0,15
0,20
0,25
C4C Sigma 10 min
C22C Sigma 20 min
C1C Eirich 5 min
C17C Eirich 10 min
 
c) elliptic pores 
 
Fig. 4.6-38. Pore classification for the samples with 14 % pitch content. 
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c) elliptic pores 
 
Fig. 4.6-39. Pore classification for the samples with 16.5 % pitch content. 
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c) elliptic pores 
Fig. 4.6-40. Pore classification for the samples with 19 % pitch content. 
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4.6.10 Conclusion 
The effects of five variables during pilot scale anode production were studied. As a 
response to these variables, green and baked densities, specific electrical resistivity, 
mechanical properties and porosity were measured. The strength of the effects was 
statistically evaluated using the Minitab software. The mixer type was statistically the 
most significant factor influencing porosity, green and baked density as well as the 
specific electrical resistivity. Surprisingly, a low statistical effect of fines was found. 
 
Intensive mixing was found to be more efficient and to produce samples with higher 
green densities compared to sigma mixed samples. One of the benefits of intensive 
mixing is a better statistical distribution of grain sizes throughout the paste. Sigma 
mixing compared to high speed intensive mixing may have lower possibility of filling 
and impregnating of voids by capillary effects. In addition there was a significantly 
higher level of aggregate crushing. During mixing, the blades in the sigma mixer crush 
coke particles. More surfaces are then created and more open pores need to be filled 
with pitch. Thus, more pitch is consumed to coat new coke particles and less pitch ends 
in the intergranular space as a binder. 
 
Green density was influenced the most by pitch content (E), mixer type (C), mixer - 
pitch interaction (CE), and mixing time (D). Changing from the sigma mixer to the 
intensive mixer caused an average increase in green density by (0.087 ± 0.005 g/cm3) or 
close to 6 %.  
 
The increase of the pitch content from 14 % to 19 % gave an average increase in green 
density by (0.117 ± 0.006 g/cm3) or 7.5 %.  
 
All the investigated variables have significant impact on baked density: mixer type, 
mixer - pitch interaction, mixing time, pitch content, fines and heating rate.  
 
The specific electrical resistivity was influenced by mixer type (C) and mixer - pitch 
interaction (CE). An average decrease of the specific electrical resistivity by (6.8 ± 1.9 
µΩm), close to 10 %, was achieved when changing from the sigma to the intensive 
mixer.  
 
The strongest effect on the total porosity development was due to mixer type (C), pitch 
content (E), heating rate (A) and mixer - pitch interaction (A). Switching from the sigma 
to the intensive mixer results in average a 15 % lowering of porosity (2.9 ± 0.7 %). 
Increasing the pitch content from 14 % to 19 % caused a close to 20 % increase of 
porosity by (3.2 ± 0.7 %). When changing the heating rate from 10 °C/h to 60 °C/h, an 
average increase of porosity by 18 % (3.1 ± 0.7 %) was obtained. 
 
Reactivity tests against CO2 and air were performed. Weak factorial fit of the factors, 
especially in case of air reactivity was found. Reactivity against CO2 was influenced 
mostly by mixing time (D) and the interaction heating rate by mixing time (AD). An 
average decrease of the CO2 reactivity by 16 % (4.5 ± 2.1 mg/cm2h) was observed when 
the mixing time was increased from short to long for both mixers. 
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Two effects were important for the cold compression strength. Mixer type (C) and 
interaction pitch content by mixer type (CE). Changing the mixer type from sigma to 
intensive results in an average increase of cold compression strength by 23 % (5.9 ± 2.3 
MPa). 
 
Young’s modulus was affected most by mixer type (C), pitch content (E) and 
interaction mixer type by pitch content (CE). Changing mixer type from sigma to 
intensive caused an average increase of 34 % for Young’s modulus (1918 ± 350 MPa). 
An average 23 % increase of Young’s modulus (1356 ± 350 MPa) was achieved when 
increasing the pitch content from 14 % to 19 %. The effect of pitch content was more 
pronounced in the case of sigma mixed samples. 
 
There are six statistically significant effects on permeability. Changing the mixer type 
(C) from sigma to intensive caused an average decrease of permeability by 44 % (6.6 ± 
0.8 nPm). Increase of pitch content from 14 % to 19 % results in an average increase of 
the permeability by 43 % (4.2 ± 1.0 nPm). In addition increase in permeability by 26 % 
(2.8 ± 1.0 nPm) was achieved when the heating rate was increased from 10 to 60 °C/h. 
 
Five effects were found as statistically significant for the coefficient of thermal 
expansion (CTE). An average increase of CTE by 3 % (0.11 ± 0.04 · 10-6 1/K) was 
found when changing from the sigma to the intensive mixer. Increase of pitch content 
from 14 % to 19 % caused an average decrease of CTE by (0.13 ± 0.04 · 10-6 1/K) or 3 
%. 
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Fig. 4.6-41. Overall comparison of the standardized effects that were found statistically 
significant. 
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4.7 Effect of vacuum vibroforming on porosity development during anode 
baking - laboratory pilot scale anodes from SSA coke 
A total of 24 pilot-scale anodes were produced in the Hydro Aluminium a.s. Årdal 
Carbon laboratory from single source petrol coke using a typical industrial recipe (Table 
3.1-I). Similar experimental design and the same production routines were used as 
described in Chapter 4.6. The difference compared to the previous experimental design 
was that the anodes were produced with narrower pitch levels and heating rates, using 
exclusively the intensive mixer. In addition the compaction of the samples was 
performed using a vacuum vibroformer. The half fractional experimental design is 
presented in Table  4.7-I. 
Table  4.7-I. Variables and levels of half fractional 5-factorial experimental design. 
 
Factors Low Medium High 
Pitch content (%) 14 15 16 
Mixing time (min) 5 7.5 10 
Vibropressure (kPa) 4 52 100 
Fines (% < 63 µm) 45 63 94 
Heating rate (°C/h) 5 12.5 20 
 
The green paste was formed on the vacuum vibration table for 30 seconds at 50 Hz 
vibration frequency under three mould pressure conditions, 4 kPa, 52 kPa and 100 kPa 
(no vacuum applied). During baking the soaking time was 8 hours. Baked densities 
were measured by the dimensional method as used for green anodes (ISO 12895-1). In 
addition there were done measurements to determine the CO2 and air reactivities as well 
as the mechanical properties. The complete experimental layout and measured data are 
shown in Table 4.7-II. Experimental data were analyzed using the statistical software 
MINITAB™. 
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Table 4.7-II. Experimental layout and measured data for laboratory prepared pilot scale 
anodes from SSA coke. 
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4.7.1 Green density  
Fig. 4.7-1 shows the Pareto chart for green density. All factors except the heating rate 
had statistically significant effect on the green density. Four main effects were observed, 
pitch content, vibropressure, mixing time, fines and two interaction effects, pitch 
content by mixing time (AB) and pitch content by vibropressure (AC). The effect of 
pitch content (A) is the largest. In accordance with previous results in Chapter 4.6.1, the 
largest effect was observed for the pitch content. Next, the new factors vibropressure 
and mixing time play important roles. 
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Fig. 4.7-1. Pareto chart of the standardized effects for green density. 
 
The interaction plot in Fig. 4.7-2 shows increase in green density when pitch content 
and mixing time are increased. Reduction of pressure from atmospheric to 4 kPa in the 
mould combined with pitch content increase result in higher green densities. The effect 
of fines variation has very low influence on the green density.  
 
The overall data are shown in Fig. 4.7-3. With increasing pitch content more pitch is 
available that penetrates the open porosity of particles and coats coke grains. Such a 
paste has better possibility for denser aggregate packing. Increase of mixing time causes 
pitch to be distributed evenly and thus creates a continuous binder film over the coke 
particles. Reduction of atmospheric pressure in the mould during vibration causes better 
paste degassing and exhaust of the light binder volatiles and entrapped air and from 
intergranular voids and results in even higher green density. 
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Fig. 4.7-2. Interaction plot for green density. 
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Fig. 4.7-3. Green density as function of pitch content and mixing time. 
 
4.7 Effect of vacuum vibroforming on porosity development during anode baking - laboratory pilot scale 
anodes from SSA coke 
 144
4.7.2 Green open porosity 
Fig. 4.7-4 shows a comparison of the standardized effects for green open porosity. The 
most dominant factor is the pitch content (A). Increasing amount of the pitch causes that 
more pitch is pressed towards the sample periphery reducing the outer porosity. The 
mechanism was described in Chapter 4.4.2.  Mixing time (B) and vibropressure (C) play 
their role in better aggregate distribution and packing due to underpressure in the 
forming mould. Interaction between pitch content and mixing time (AB) is presented in 
Fig. 4.7-5. Increase of mixing time reduces open porosity for samples that were vibrated 
with the same mould pressure. Based on this it is expected that anodes with the lowest 
green open porosity were those with 16 % pitch, mixed for 10 minutes and vibrated 
under maximum vacuum 4 kPa. 
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Fig. 4.7-4. Pareto chart of the standardized effects for green open porosity. 
4.7 Effect of vacuum vibroforming on porosity development during anode baking - laboratory pilot scale 
anodes from SSA coke 
 145
Pitch content (%)
14 15 16
G
re
en
 o
pe
n 
po
ro
si
ty
 (%
)
0
2
4
6
8
10
12
14
16
4 kPa, 5 min mixing
4 kPa,10 min mixing
52 kPa, 7.5 min mixing
100 kPa, 5 min mixing
100 kPa, 10 min mixing
 
Fig. 4.7-5. Green open porosity as function of pitch content and mixing time. 
 
4.7.3 Baking loss 
It is found that the heating rate (E) and the amount of pitch (A) have the largest 
influence on the baking loss. This is shown in Fig. 4.7-6. All baking loss data are shown 
in Fig. 4.7-7. The baking loss increases for samples that are baked at higher heating 
rates. 
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Fig. 4.7-6. Pareto chart of the standardized effects for the baking loss. 
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Fig. 4.7-7. Baking loss as function of pitch content and mixing time. 
 
4.7.4 Baked density 
Baked density was measured using the dimensional method according to ISO 12985-1. 
All the main effects except the heating rate (E) affect the baked density. Pitch content 
(A), mixing time (B) and vibropressure (C) have the strongest statistical influence and 
therefore affects baked density the most.  
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Fig. 4.7-8. Pareto chart of the standardized effects for baked density. 
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There are several interaction effects that are significant. Interactions between pitch 
content - mixing time (AB) and pitch content - vibropressure (AC) are shown in Fig. 
4.7-9. The situation is similar to the case of the green density. Generally, with 
increasing pitch content, the baked density increases. Increasing the mixing time 
combined with reduced vibropressure results in higher baked densities. The difference 
for samples with atmospheric (100 kPa) and vacuum (4 kPa) vibration is most probably 
due to better paste compaction and paste densification when vacuum vibration is 
applied.  
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Fig. 4.7-9. Interaction plot for baked density. 
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Fig. 4.7-10.Baked density as function of pitch content and mixing time. 
 
4.7.5 Baked Porosity 
According to Fig. 3.5-3 the total porosity for one pilot scale anode was determined from 
the average results of four analyzed segments. The relative magnitude and the statistical 
significance of the main and interaction effects on the total porosity are shown in Fig. 
4.7-11. Compared with Chapter 4.6.5 a different order of the factors influencing the 
porosity was observed. The heating rate was in this case found to be insignificant. 
Mixing time was found to be a statistically significant factor. Overall, there are three 
main effects, pitch content (A), vibropressure (C) and mixing time (B). The interaction 
effect between pitch content and mixing time (AB) is shown on Fig. 4.7-12. 
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Fig. 4.7-11. Pareto chart of the standardized effects for total porosity. 
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There is a larger porosity reduction for 14 % pitch samples compared to 16 % pitch 
when the mixing time increases from 5 to 10 minutes. With increasing pitch content to 
16 % porosity reduction is not so pronounced. The reason for this is that 14 % pitch 
paste is more sensitive to the mixing time. A 16 % pitch paste has more pitch available 
for aggregate bonding and void filling. Therefore even shorter mixing time is sufficient 
for good binder distribution resulting in low porosity. Such an effect of mixing time 
could not be observed in Chapter 4.6 because the mixing times were different for the 
applied mixing techniques (sigma/intensive). 
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Fig. 4.7-12. Interaction plot for total porosity. 
 
Reducing the vibropressure from 100 kPa to 4 kPa causes a uniform reduction of the 
total porosity regardless of pitch content. The overall data are shown in Fig. 4.7-13. 
 
Pore size distribution curves are presented in Fig. 4.7-14 to Fig. 4.7-16. Results for 14 
% pitch pilot scale anodes are shown in Fig. 4.7-14.  There is a marked porosity 
reduction for vacuum vibrated samples (E9, E1, E11 and E3). Samples that were mixed 
for 10 minutes and vibroformed at 4 kPa show lower porosity compared to those mixed 
for 5 minutes.  Increased porosity in the 100 - 10000 µm pore radius range for 
atmospheric vibrated samples is related to poor aggregate packing where more 
intergranular voids are formed.  
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Fig. 4.7-13. Total porosity values. The effect of pitch content and mixing time. 
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Fig. 4.7-14. Pore size distribution curves for 14 % pitch anodes. HR is heating rate in 
(°C/h). 
 
In Fig. 4.7-15 the distribution curves show anodes with uniform composition (15 % 
pitch). All anodes were mixed for medium mixing time (7.5 min) and vibrated with a 
common vibropressure of 52 kPa. Samples were produced with the intention to 
demonstrate the reproducibility of the measurements and production methods. There are 
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some minor deviations between the two samples probably due to random errors during 
production. 
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Fig. 4.7-15. Pore size distribution curves for 15 % pitch anodes. HR is heating rate in 
(°C/h). 
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Fig. 4.7-16. Pore size distribution curves for 16 % pitch anodes. HR is heating rate in 
(°C/h). 
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Fig. 4.7-16 compares pore size distribution curves for anodes with 16 % pitch. A similar 
situation as in the case of 14 % pitch is observed. Lowering of mould vibropressure 
results in reduction of the total porosity. Increase of the heating rate from 5 to 20 °C/h 
for vacuum formed samples indicates increasing porosity due to increasing amount of 
baking pores. An overall comparison of averaged distribution curves for all pitch 
contents is presented in Fig. 4.7-17. Each curve represents the average pore size 
distribution of four anodes with the same pitch content. 
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Fig. 4.7-17. Effect of vacuum vibroforming average pore size distribution curves. 
 
Each curve presents the average pore size distribution of four anodes with the same 
pitch content and vibropressure. For 14 % pitch samples increasing vibration vacuum 
reduced the total porosity significantly above 80 µm of pore radius. This porosity is due 
to lower pitch content where little pitch is available in the intergranular space for 
complete sealing of coke pores and voids. As the pitch content increases to 16 %, 
distribution curves indicate even further reduction of porosity, and the effect of vacuum 
vibroforming is significant from 40 µm. In this case more pitch is available to penetrate 
coke particle pores and to coat aggregate grains with a thicker binder film. This will 
improve coke particle bridging. Pore size range intervals are in detail presented in the 
bar chart in Fig. 4.7-18. Each set of four columns represents average porosity of four 
anodes with the same pitch content and vibropressure conditions within the indicated 
pore size range.  
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Fig. 4.7-18. Average pore size range comparison. 
 
Pore size range interval 8-30 µm is related to the impregnation of small coke pores with 
pitch.  The variations in porosity are small which indicate similar filling of the small 
pores mostly by capillary effect. Porosity of 30-100 µm pore radius represents the 
baking pores and partly filling of the larger coke pores. The amount of the volatile pores 
increases with increasing pitch content. The interval of 100-300 µm is associated with 
intergranular porosity due to mixing or forming, and baking pores. This porosity 
represents the process pores and is influenced by the mould vacuum. Samples with 16 
% pitch and 4 kPa vibropressure have the lowest total porosity above 100 µm pore 
radius. Porosity within the interval 300-10000 µm is due to paste processing (mixing 
and forming). Significant reduction of porosity within this interval was observed when 4 
kPa was used. 
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4.7.6 Permeability 
Fig. 4.7-19 shows a Pareto plot of the standardized effects on permeability. All factors 
influencing the permeability of anodes are shown. The pitch content (A), the 
vibropressure (C) and the interaction pitch content by vibropressure (AC) give the 
strongest influence. This is expected as the pitch amount and its penetration into 
particles may affect both porosity and permeability. There is also a good correlation 
between the total porosity and the permeability. Samples with high permeability were 
those that had higher values of total porosity and low pitch content.  
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Fig. 4.7-19. Pareto chart of the standardized effects for permeability. 
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Fig. 4.7-20. Interaction plot for permeability. 
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Fig. 4.7-20 demonstrates the interaction of two factors on permeability. The most 
significant interaction, pitch content by vibropressure (AC), indicates a larger decrease 
of permeability with increasing vacuum during vibroforming for 14 % pitch samples 
compared to those with 16 % pitch. An interesting interaction also occurs when the 
effects of fines and the heating rate are considered (DE). There is a reduction of 
permeability with increasing heating rate when a high fines fraction is used. When 
coarser fines are used, increasing heating rate will increase the permeability of the 
anodes. The lowest permeabilities were achieved with medium fines (63 % < 63 µm).  
There is a larger reduction of permeability with increasing vacuum for anodes that were 
mixed for 10 minutes compared to those mixed for 5 minutes (BC). There is also a 
larger permeability reduction with prolonged mixing for 14 % pitch anodes compared to 
16 % pitch anodes (AB).  
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Fig. 4.7-21. Permeability, effect of pitch content, mixing time and vibropressure. 
 
Fig. 4.7-21 demonstrates the correlation between the main effects. Excessive 
permeabilities were obtained for anodes with low pitch content and vibration at 
atmospheric pressure. A weak effect of the heating rate on the permeability was found. 
The reason could be that heating rate levels chosen in the experimental design were not 
high enough to cause individual development of transport pores that affect the 
permeability of the anodes. 
 
4.7.7 Reactivity measurements 
4.7.7.1 CO2 reactivity 
For the CO2 reactivity there are five statistically significant effects. These effects 
include two main effects; heating rate (E) and pitch content (A), Fig. 4.7-22. There are 
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three interaction effects, mixing time by heating rate (BE), vibropressure by fines (CD) 
and mixing time by vibropressure (BC). These interactions are shown in the plot on Fig. 
4.7-23 where mean values of the CO2 reactivity are compared. The plot shows that the 
decrease in reactivity as we move from 5 °C/h to 20 °C/h  heating rate is larger when 
the mixing time is 5 min than when it is 10 minutes (BE).  
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Fig. 4.7-22. Pareto chart of the standardized effects for CO2 reactivity. 
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Fig. 4.7-23. Interaction plot for CO2 reactivity. 
 
The CO2 reactivity is reduced with increasing fineness of dust in the case of 
atmospheric vibration. The increasing fineness for vacuum vibroforming caused 
increase of reactivity (CD).  There is a larger reactivity decrease for 10 minutes mixed 
samples when increasing the vibration vacuum. The reactivity of 5 minutes mixed 
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anodes slightly increases when increasing the vacuum during vibration (BC). This may 
be due to insufficient mixing time and unevenly distributed pitch binder. 
 
The heating rate (E) has statistically the strongest statistical effect on the CO2 reactivity. 
The anodes were baked in three batches using three heating rates according to Table 
4.7-III. For each baking cycle the equivalent temperature of the baking level was 
monitored [58]. Fig. 4.7-24 shows the complete data. 
 Table 4.7-III. Baking conditions. 
Baking # Heating rate(°C/h) 
Baking level 
Teqv (°E) 
1 5 1189 
2 12.5 1191 
3 20 1211 
 
The sample cores for reactivity measurements were drilled out close to the pilot scale 
anode surface. Therefore the open porosity of the investigated samples increased with 
increasing heating rate (Chapter 4.4.2). Baking # 3 has a higher baking level. We have 
two opposing factors; increased crystallite size will reduce the reactivity while higher 
porosity increases the reactivity. This indicates that the higher baking level in this case 
has a stronger effect than increased porosity. 
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Fig. 4.7-24. CO2 reactivity and heating rate. 
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4.7.7.2 Air reactivity  
Fig. 4.7-25 compares the relative magnitude and statistical significance of the main and 
interaction effects that have influence on the air reactivity. There are five statistically 
significant effects, interaction pitch content by mixing time (AB), vibropressure (C), 
fines by heating rate (DE) and vibropressure by heating rate (CE). The effect of the 
pitch content (A) was weakest and is not taken into account.  
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Fig. 4.7-25. Pareto chart of the standardized effects for air reactivity. 
 
Pitch content (%)
Fines (% <63 µm)
Heating rate (°C/h)
Mixing time (min)
10,07,55,0 highmediumlow 20,012,55,0
45
40
35
45
40
35
45
40
35
Pitch content
15 %
16 %
14 %
Mixing time
7,5 (min)
10,0 (min)
5,0 (min)
Fines
medium
high
low
 
Fig. 4.7-26. Interaction plot for air reactivity. 
 
These interactions are discussed in Fig. 4.7-26 where mean values for air reactivity are 
plotted. For the strongest interaction pitch content - mixing time (AB), a decrease of 
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reactivity is found as we increase the mixing time from 5 to 10 minutes for 14 % pitch 
samples. The reason for this is better continuity of binder film and homogeneity of the 
aggregate distribution. The opposite situation occurs for 16 % pitch samples where the 
air reactivity increases with increasing mixing time. This may be due to a thicker binder 
film over coke particles. After baking there is a higher amount of more porous binder 
coke that is more reactive and therefore is selectively burned. 
 
The air reactivity for anodes with low fines (coarser particles) is not much affected by 
increasing the heating rate (also baking level). For the high fines (finer particles) the air 
reactivity increases as the heating rate (baking level) decreases (DE). 
  
4.7.8 Specific electrical resistivity 
The Pareto chart in Fig. 4.7-27 indicates that four main effects and three interaction 
effects have strong statistical influence on the specific electrical resistivity. The 
strongest main effects are pitch content (A), vibropressure (C) and mixing time (B), Fig. 
4.7-28. There is a decrease of specific electrical resistivity as the pitch content increases. 
A decrease of the vibropressure and an increase of the mixing time caused the specific 
electrical resistivity to decrease. 
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Fig. 4.7-27. Pareto chart of the standardized effects for specific electrical resistivity. 
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Fig. 4.7-28. Specific electrical resistivity as function of pitch content and mixing time. 
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Fig. 4.7-29.  Interaction plot for specific electrical resistivity. 
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Interactions are discussed in Fig. 4.7-29 where the average values of the specific 
electrical resistivity are compared. For the interaction pitch content - vibropressure (AC) 
the plot indicates that the specific electrical resistivity decreases for both 14 % and 16 % 
pitch anodes as the mixing time is prolonged from 5 to 10 minutes. When vibropressure 
is reduced from 100 to 4 kPa, specific electrical resistivity decreased. This is more 
evident in the case of 14 % pitch anodes where vacuum forming is more beneficial for 
denser aggregate packing. The reason for this could be that during vacuum vibration the 
aggregate is better packed and more binder pitch is available in the intergranular space 
creating better coke bridging thus enabling improved electrical contact. 
 
4.7.9 Mechanical properties 
4.7.9.1 Cold compression strength CCS 
In Fig. 4.7-30 the Pareto chart demonstrates a similar situation as in the case of Young’s 
modulus. There are three main effects that influence the cold compression strength of 
the anodes. These are pitch content (A), vibropressure (C) and mixing time (B).  
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Fig. 4.7-30. Pareto chart of the standardized effects for cold compression strength. 
 
These three factors are very important for strength properties. The amount of pitch 
content determines the pitch film thickness and the amount of binding pitch coke around 
the filler particles. The mixing time affects the continuity of the pitch film and the 
homogeneity of the aggregate distribution. Finally, vacuum conditions during vibration 
affect pitch penetration into particle pores enabling better bonding between coke grains. 
The resulting impact of this concurrence is indicated in Fig. 4.7-31. 
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Fig. 4.7-31. Cold compression strength. Effects of pitch content, mixing time and 
vibropressure. 
 
The increase of the compression strength increases with increasing pitch content. 
Increasing vacuum during forming and increasing mixing time leads to further increase 
of the cold compression strength. Porosity correlates well with the physical properties 
(Young’s modulus, cold compression strength). Samples with low total porosity had 
higher cold compression strength and Young’s modulus (Fig. 4.7-32). 
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Fig. 4.7-32. Correlation of porosity and Young’s modulus and cold compression 
strength. 
 
4.7.9.2 Young’s Modulus YM 
The Pareto plot in Fig. 4.7-33 shows that three main effects, pitch content (A), mixing 
time (B) and vibropressure (C) have statistical significance on Young’s modulus. All 
these factors strongly affect paste homogeneity and compactness and may have direct 
impact on the anode’s mechanical properties. The relation between these factors is 
indicated in Fig. 4.7-34. There is an increase of Young’s modulus for anodes with 
increasing pitch content. Simultaneously, increasing mixing time and reduction of 
pressure in the forming mould gives higher values for Young’s modulus. 
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Fig. 4.7-33. Pareto chart of the standardized effects for Young’s modulus. 
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Fig. 4.7-34. Young’s modulus, effect of pitch content, mixing time and vibropressure. 
 
4.7.10 Conclusion 
The effect of five variables during pilot scale anode production was studied. As a 
response to these production variations green and baked densities, open and total 
porosities, CO2 and air reactivity and physical properties (specific electrical resistivity, 
Young’s modulus, cold compression strength, and permeability) were measured. The 
statistical relevance of the effects was evaluated using the Minitab software. In most 
cases pitch content (A), vibropressure (C) and mixing time were factors that affect 
measured properties significantly. 
 
The green density was influenced strongest by the pitch content (A), the vibropressure 
(C), the mixing time (B) and interactions between these three main effects. Reducing 
the mould pressure from atmospheric to 4 kPa caused an average increase in green 
density by (0,069 ± 0.003 g/cm3) which is 4 %. Increase of pitch content from 14 % to 
16 % gave in average increasing green density by 7 % (0.101 ± 0.003 g/cm3). Extension 
of mixing time from 5 to 10 minutes results in an average increase in green density by 3 
% or (0.045 ± 0.003 g/cm3). 
 
The green open porosity was influenced most by the pitch content (A), the 
vibropressure (C) and mixing time (B). An average decrease of green open porosity by 
75 % (8.4 ± 0.6 %) was observed when changing from 14 % to 16 % pitch. Reducing 
the pressure in the forming mould from 100 to 4 kPa caused an average reduction in 
green open porosity of 30 % (2.3 ± 0.6 %). Extension of mixing time from 5 to 10 
minutes reduced the open porosity by 35 % (2.9 ± 0.6 %).  
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The strong effect on the baking loss was due to the heating rate (E) and the pitch content 
(A). Increasing heating rate from 5 to 20 °C/h caused an average increasing baking loss 
of 39 % (1.3 ± 0.2 %). Increasing the pitch content from 14 to 16 % results in an 
increase in the baking loss by 30 % (1.1 ± 0.2 %). 
 
Surprisingly, the baked density of anodes was affected by all variables except the 
heating rate. Pitch content (A) had the strongest statistical influence. Changing the pitch 
content from 14 to 16 % increased the baked density in average by 5 % (0.076 ± 0.005 
g/cm3). Increasing the mixing time from 5 to 10 minutes increased the baked density in 
average by 3 % or (0.045 ± 0.005 g/cm3). Reducing the pressure in the forming mould 
from 100 kPa to 4 kPa caused an average increase of baked density of 5 % (0.073 ± 
0.005 g/cm3). 
 
Four factors were important for the total anode porosity; pitch content (A), 
vibropressure (C), mixing time (B) and the interaction between the pitch content and the 
mixing time (AB). Increasing pitch content from 14 to 16 % caused an average decrease 
of the total porosity by 25 % (5.1 ± 1.0 %). Increasing the vacuum during vibration 
from 100 to 4 kPa caused an average reduction of the total porosity by 25 % (4.9 ± 1.0 
%). Increasing mixing time from 5 to 10 minutes results in an average porosity value 
reduction by 15 % (3.1 ± 1.0 %). 
 
The strongest influence on the CO2 reactivity was determined by two main effects, the 
heating rate (E) and the pitch content (A). There are also three interaction effects that 
may affect the CO2 reactivity; mixing time by heating rate (BE), vibropressure by fines 
(CD) and mixing time by vibropressure (BC). Increase of the heating rate from 5 to 20 
°C/h reduces the reactivity in average by 20 % (5.3 ± 0.8 mg/cm2h). When increasing 
the pitch content from 14 to 16 % an average decrease in the CO2 reactivity of 10 % 
(2.1 ± 0.8 mg/cm2h) was observed. 
 
The air reactivity was mostly influenced by interaction of the pitch content by mixing 
time (AB), vibropressure (C), fines by heating rate (DE) and vibropressure by heating 
rate (CE). Increasing pitch content from 14 to 16 % caused an increase in the air 
reactivity of 12 % (7.4 ± 2.4 mg/cm2h). Decreasing reactivity in average by 15 % (6.0 ± 
2.4 mg/cm2h) was observed when vibroforming at 100 kPa was used. 
 
Changing the pitch content from 14 to 16 % caused an average reduction in the specific 
electrical resistivity of 15 % (9.8 ± 0.3 µΩm). Increasing vacuum during vibration from 
100 to 4 kPa results in an average decrease of the specific electrical resistivity by 10 % 
(6.4 ± 0.3 µΩm). Extension of the mixing time from 5 to 10 minutes caused an average 
decrease of specific electrical resistivity by 10 % (5.8 ± 0.3 µΩm). 
 
For both Young’s modulus and the cold compression strength the same factors were 
found that have significant statistical influence: pitch content (A), vibropressure (C) and 
mixing time (B). An average increase of the Young’s modulus by 30 % (2187 ±180 
MPa) was obtained by increasing of pitch content from 14 to 16 %. Also, increasing 
mixing time from 5 to 10 minutes increased the average value of the Young’s modulus 
by 15 % (1170 ± 180 MPa). Compaction at 4 kPa gave an average increase of the 
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Young’s modulus by 17 % (1317 ±180 MPa). When increasing the pitch content from 
14 to 16 % an average increase of the cold compression strength by 45 % (13.9 ± 1.1 
MPa) was achieved. An average increase in the cold compression strength of 20 % (7.8 
± 1.1 MPa) was observed when vacuum of 4 kPa was used. Prolonging the mixing time 
from 5 to 10 minutes results in an average increase in the cold compression strength of 
20 % (7.1 ± 1.1 MPa). 
 
All factors influence the permeability of the anodes. Strongest influence has the pitch 
content (A), the vibropressure (C) and the interaction of pitch content by vibropressure 
(AC). Increase of pitch content from 14 to 16 % results in an average permeability 
reduction by 90 % (12.8 ± 0.1 nPm). An average decrease of the permeability by 70 % 
(7.9 ± 0.1 nPm) was measured when a vacuum of 4 kPa was used. 
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Fig. 4.7-35. Overall comparison of the standardized effects that were found statistically 
significant.
Concluding remarks 
 167 
5 CONCLUDING REMARKS 
 
The pilot scale work was done in order to study the effect of various production 
parameters on anode properties. The samples were produced both from industrial paste 
and from single source petrol coke. 
 
In Chapter 4.2 the influence of the heating rate on the porosity development was 
described for samples prepared from laboratory mixed paste. It was shown that the high 
heating rate results to increased porosity development and reduction of baked densities. 
Slow heating rates are therefore recommended for baking. 
 
Chapter 4.3 deals with anodes prepared from industrial paste sampled from the end of 
the production line. Increasing vibration time increased densities in green and baked 
state. Additional vacuum during vibration improved the aggregate packing.  The 
increasing heating rate increased the specific electrical resistivity. The lowest porosities 
were observed for vacuum vibrated samples. With too fast baking cracks were observed 
in the samples. 
 
Chapter 4.4 describes a more developed experimental design than Chapter 4.3. Samples 
were prepared from 3 different mixes with different vacuum compaction. The largest 
improvement of anode properties was observed for samples with short mixing times. 
The sufficiently mixed paste did not require long vibration times. Samples with a higher 
porosity showed poorer electrical and mechanical properties. In general, porosities 
measured on the industrial paste were lower compared to those prepared in the 
laboratory. 
 
Chapter 4.5 was dedicated to the optimisation and preliminary testing of the intensive 
mixer. A set of pilot scale anodes was produced and optimal conditions were found. 
 
It was described in Chapter 4.6 that two different mixing techniques had the largest 
effect on porosity development. The intensive mixing was found to be more suitable 
and efficient for the laboratory preparation of the pilot scale anodes. When the slow 
sigma mixer was used, a significant crushing of the aggregate was observed and it 
caused a degradation of measured anode properties. 
 
Chapter 4.7 discussed the influence of five factors on the porosity development as well 
as other important anode properties. A significant lowering of the porosity for vacuum 
vibrated samples was observed. Improvement of electrical and mechanical properties 
was observed with increasing pitch content and reduced vibropressure in the forming 
mould. 
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